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Oilfield operations such as drilling, reservoir management, and production require
the injection and/or production of complex fluids to improve the extraction of crude oils.
Some of these complex fluids such as drilling muds, fracking fluids, foams, emulsions,
surfactants, and polymers, fall under the classification of colloidal suspensions which is
one substance of microscopically dispersed insoluble particles suspended throughout
another substance. These colloidal suspensions show complex rheological properties that
are dependent on the suspension properties, flow conditions, and flow conduit
dimensions. Rheology of colloidal suspensions is a complex subject that is still being
investigated.

The focus of this study is on heavy oil-in-water emulsions. Heavy oil and
bitumen resources account for approximately 70% of the remaining oil discovered to date
in the world.  Heavy crude oils are costly to produce, transport, and refine compared to
light crude oils due to the high viscosity of heavy crude oils. To improve the economic
viability of producing heavy oils, especially in a time with low crude oil prices,
operational expenses must be reduced. One of the main areas to improve is the cost
associated with transporting produced heavy oils from production wells to refineries.
Currently, heavy oils are diluted with low viscosity diluents such as condensates and light

crude oils to lower the mixture viscosity below 350 cSt before heavy oils can be
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transported through pipelines. The diluted mixtures require up to 50% (vol.) diluents to
lower the heavy oil viscosity. High demand and low supply of condensates and
constrained pipeline capacities have resulted in pipeline transportation costs of up to
$22/bbl of diluted heavy oil from Canada to refineries in the U.S. An alternative method
of transporting heavy oils is to transport heavy oils in an emulsified form, heavy oil-in-
water emulsions, which can show orders of magnitude lower viscosities compared to the
viscosity of heavy oils.

In this study, a simple, one-step method of preparing heavy oil-in-water
emulsions was developed. The physical properties of heavy oil-in-water emulsions are
controlled and modified by optimizing the chemical formulation used to prepare
emulsions.  Stable heavy oil-in-water emulsions can be prepared with chemical
formulations that are tailored to the type of heavy oils and available water sources which
can range from freshwater to softened seawater.

The rheology of heavy oil-in-water emulsions has been characterized with a
rotational viscometer. Heavy oil-in-water emulsions, especially concentrated emulsions,
showed complex rheological properties such as shear thinning behavior, two-step yield
stresses, two-step wall slips, and rheopexy. A rheological equation and a wall slip
equation have been developed to model the rheology of heavy oil-in-water emulsions
over a range of shear rates and flow conduit dimensions.

Heavy oil-in-water emulsions characterized with capillary tube viscometers
showed drastically different viscosity measurements compared to the viscosity
measurements obtained with a rotational viscometer. This is important because the flow
of emulsions in pipelines are similar to the flow of emulsions in capillary tube
viscometers, not rotational viscometers. The lower viscosities measured with capillary

tube viscometers are attributed to oil droplet migration away from the tube walls due to
viii



the shear heterogeneity observed in Poiseuille (tube) flow. A scaling equation was
proposed to relate the viscosity measurements of emulsions with a rotation viscometer to
the viscosity measurements of emulsions with capillary tube viscometers.

The rheological measurements of heavy oil-in-water emulsions are used to
estimate the flow of emulsions in crude oil pipelines with various radii. Viscosity
measurements of optimized heavy oil-in-water emulsions with a rotational viscometer
showed that heavy oil-in-water emulsions with up to 75% dispersed heavy oil can be
successfully transported in crude oil pipelines. Adding the effect of oil droplet migration
measured with capillary tube viscometers, heavy oil-in-water emulsions with up to 85-
90% dispersed heavy oil can be successfully transported in crude oil pipelines. The cost
of chemicals used to prepare 85% heavy oil-in-water emulsion is approximately $1-3/bbl
of emulsion. Heavy oil-in-water emulsions also showed drag reduction properties which
can significantly increase the maximum flow capacity of crude oil pipelines

Transporting heavy oils as concentrated heavy oil-in-water emulsions appeared to
be a competitive if not a better method of lowering heavy oil viscosity compared to the

diluent method in terms of cost and flow performance in pipelines.
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and aqueous composition (1.6% Ph15EQO, 0.2% NaOH, 0% NaCl); (b)
d3>=14.1 um, pn=0.78, and aqueous composition (1.6% Ph15EO, 0.2%
NaOH, 1% NaCl). Volume probability density function of the emulsion
samples measured with the static light scattering equipment: (¢)

Emulsion sample from Fig. 3.10a; (d) Emulsion sample from Fig. 3.10b

Cacrit vs. the A for emulsions of varying dispersed phase concentration.
The grey solid line is the Grace curve. Obtained from Jansen et al.
(2007) ettt 65
(a) d32 of the entire lognormal distribution (primary axis) and ¢m
(secondary axis) of emulsions made from 80% oil B and 20% aqueous
solution (0.4% NaCl and 0.2% NaOH) vs the mixing temperature of the
samples hand-shaken for 10 s every 30 min for 4 h. (b) ds2 of the entire
lognormal distribution (primary axis) and ¢m (secondary axis) of
emulsions made from 80% oil B and 20% aqueous solution (1.6%
phenol-15E0O, 0.4% NaCl and 0.2% NaOH) vs the mixing temperature
of the samples hand-shaken for 10 s every 30 min for 4 h. O/W stands
for oil-in-water emulsions, and pH =9.14-9.16. In both panels, the lines

are present only to guide the eyes. ......ccceeveieeeiieencieenie e 66
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Fig. 3.13:

Fig. 3.14:

Fig. 3.15:

Fig. 3.16:

The ds2 of the entire lognormal distribution (primary axis) and ¢m
(secondary axis) of emulsions made from 80% oil B and 20% aqueous
solution (1.6% phenol-15EO, 0.4% NaCl and 0.2% NaOH) vs. the
frequency of the sample mixing. Frequency of mixing at 10 minutes
means the sample was mixed for 10 seconds every 10 minutes over a
period of 4 hours at 96°C. .........coveeiiiiiiiiiieeceee e 68
Log-normal distribution fitting of particle size distribution of emulsions
prepared with 80% oil and 20% aqueous solution (1.6% phenol-15EO,
0.8% NaCl, 0.2% NaOH). Volume probability density (volume
fraction/diameter vs. diameter) is plotted. ..........ccceevveeieveerieerennnn. 70

(a) ds2 and (b) ¢m of the entire lognormal distribution of emulsions
made from 80% oil and 20% aqueous solution (0.8% NaCl, 0.2% NaOH,
and 0-3.2% phenol-15EO) vs the weight percentage of phenol-15EO in
the aqueous solution. The sample was mixed for 10 s every 30 min over
a period of 4 h at 96°C. (In both panels, O/W and W/O stand for oil-in-
water and water-in-oil emulsions, respectively. The lines are present
only to guide the €Yes.) ..cccvuiieiiiieiiieeieeeeeee e 71

(a) d32 and (b) m of the entire lognormal distribution of emulsions
made from 80% oil B and 20% aqueous solution (0.8% NacCl, 0.2%
NaOH, and 0-2.4% co-solvent) vs the weight percentage of co-solvent in
the aqueous solution. (In both panels, the co-solvents are phenol-1PO-
SEQ, phenol-6EO, IBA-15EO, and phenol-15EO from the least
hydrophilic to most hydrophilic as indicated by in direction of the arrow.
The sample was mixed for 10 s every 30 min over a period of 4 h at

96°C. The lines are present only to guide the eyes.)........cccccuveennen. 73
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Fig. 3.17:

Fig. 3.18:

Fig. 3.19:
Fig. 3.20:

ds2 of the entire log-normal distribution (primary axis) and ¢m
(secondary axis) of emulsions made from 80% oil B and 20% aqueous
solution (0-0.8% NaCl, 0.2% NaOH, and 0 & 1.6% phenol-15EQO) vs the
weight percentage of NaCl in the aqueous solution. (The sample was
mixed for 10 s every 30 min over a period of 4 h at 96°C. pH =9.9-10.1

for all emulsion samples. The lines are present only to guide the eyes.)

(a) d32 and (b) @m/@m, 0 of the entire lognormal distribution of
emulsion made from 80% oil and 20% aqueous solution (0.2/0.4/0.6%
NaOH, and 1.6% phenol-15EO) vs Na"/Na"inyersion in the aqueous
solution. NaCl was used to vary the Na". Oil A emulsions were
prepared with 0.2% NaOH and 3% phenol-15EO. ¢m, 0=0.755, 0.73,
and 0.685 for oils A, B, and D respectively. (The sample was mixed for
10 s every 30 min over a period of 4 h at 96°C. pH =9.9-10.1 for 0.2%
NaOH, 10.3-10.5 for 0.4% NaOH and 10.9-11.1 for 0.6% NaOH for oil
B emulsions. The lines are present only to guide the eyes.)............ 76
The pH of various alkali in DI water vs. the alkali concentration. ...78
(a) d32 and (b) @m of the entire log-normal distribution of emulsions
made from 80% oil B and 20% aqueous solution (0.8% NacCl, alkali, and
1.6% phenol-15EO) vs the weight percentage of N* in the aqueous
solution. (In both panels, the sample was mixed for 10 s every 30 min

over a period 0f 4 h at 96°C.)......cccvveeiiiieieeeeeee e 78
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Fig. 3.21:

Fig. 3.22:

Fig. 4.1:

Fig. 4.2:

Fig. 4.3:

Fig. 4.4:

ds2 of the entire log-normal distribution (primary axis) and ¢m
(secondary axis) of emulsions made from 80% oil B and 20% aqueous
solution (up to 3.2% DIPA-15EOQ, 0.4 & 0.8% NaCl) vs. the weight
percentage of DIPA-15EO in the aqueous solution. (The sample was
mixed for 10 s every 30 min over a period of 4 h at 96°C. The lines are
present only to guide the €Yes.)......cccveveeriienieiiiienieeieee e 81
ds2 of the entire log-normal distribution (primary axis) and ¢m
(secondary axis) of emulsions made from 80% oil B and 20% aqueous
solution (0.25-1.5% NPE-12EO, 0.8% NacCl, 0.2% NaOH, 0 & 1.6%
phenol-15EO) vs the weight percenrage of NPE-12EO in the aqueous
solution. (The sample was mixed for 10 s every 30 min over a period of
4 h at 75°C. The lines are present only to guide the eyes.).............. 83
Cartoon illustrations of soft matter microstructure: Soft-glass and gel
[Stokes and Frith (2008)] ...ccvvveeiiieeieeeieeeieeeee e 88
Classification of soft matter materials based on dispersed-phase
concentration and interdroplet interaction ...........ccceeeevveeriveerneeennne. 89
A picture of the fluorescent light microscope (Zeiss Axiovert) used to
take the emulsion photomicrographs. ..........cccecveeveveecieeeesieeieenen, 91
Microscope pictures of oil D in water emulsions (a) =40% d43=11.9um
d3>=6.1pm em=0.79, (b) ¢=50% d43=13.5pum d3>=8.0um em=0.78, (¢)
¢=60% d43=20.2pm d3>=14.5pm em=0.80, (d) 9=70% d43=22.2um
d3>=16.4pm em=0.73, () »=80% d43=18.5um d3=15.6um om=0.69, (f)
0=85% d43=19.1um d3,=16.2um @m=0.69. Aqueous phase formulation
(1.6% ph15EO 0.2% NaOH, 0% NaCl).......ccceceereevenieirenieenee. 92
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Fig. 4.5:

Fig. 4.6:

Fig. 4.7:

Fig. 4.8:

Microscope pictures of oil D in water emulsions. (a) ¢=40% d43=2.9um
d32=1.9um ¢m=0.83, (b) 9=50% d43=6.1pm d32=4.8um ¢m=0.76, (c)
¢=60% d43=13.6um d32=9.2pum ¢m=0.81, (d) p=70% d43=21.3pm
d32=12.3pm em=0.81, (¢) 9=80% d43=19.8um d3>=14.1pm ¢m=0.76, (f)
0=85% d43=20.7um d3»=14.6um @m=0.75. Aqueous phase (1.6%
phI5EO 0.2% NaOH, 1% NaCl) ......cccoociviininiiniiieiieneeeeeenne 94
Microscope pictures of oil A in water emulsions. (a) ¢=20% d43=2.1pum
d3>=1.7pum em=0.71, (b) ¢=40% d43=1.6um d3>=1.4pm em=0.86, (c)
¢=60% d43=6.4pm d32=4.5um em=0.75, (d) 9=80% d43=22pum
d3>=15.9um em=0.74. Aqueous phase formulation (1.6% ph15EO 0.2%
NaOH, 0.8% NACI). .c.eeiiiiiiieieeiereeee e 96
Microscope pictures of oil B in water emulsions. (a) 9=20% ds3=3.4pum
d3>=2.7um em=0.72, (b) 9=40% d43=3.2um d3>=2.3pum em=0.76, (c)
0=60% d43=8.0pum d3>=5.1pm ¢m=0.78, (d) ¢=80% d43=20.9um
d3>=14.9um em=0.77. Aqueous phase formulation (1.6% ph15EO 0.2%
NaOH, 0.8% NACI). .cueeiieiieiieieeecee et 97
Microscope pictures of oil D in water emulsions. (a) ¢=40%
d43=11.9um d32=6.1um em=0.79, (b) p=50% d43=13.5um d3>=8.0pum
om=0.78, (c) 9=60% d43=20.2pm d3»=14.5pm ¢m=0.80, (d) ¢=70%
d43=22.2pm d3>=16.4pm @em=0.73, () p=80% d43=18.5um d3,=15.6um
om=0.69, (f) 9=85% d43=19.1um d3=16.2um em=0.69. Aqueous phase
formulation (1.6% ph15EO 0.2% NaOH, 0% NaCl). The pictures were
taken at the edge of the borosilicate chambered coverglass where a

higher concentration of water is observed. .........cccccoeveeviiriienienen. 98
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Fig. 4.9;

Fig. 4.10:

Fig. 4.11:

Microscope pictures of oil D in water emulsions. (a) ¢=40% d43=2.9um
d32>=1.9um em=0.83, (b) p=50% d43=6.1pum d32=4.8um ¢m=0.76, (c)
¢=60% d43=13.6um d32=9.2pum ¢m=0.81, (d) p=70% d43=21.3pm
d32=12.3pm em=0.81, (¢) 9=80% d43=19.8um d3>=14.1pm ¢m=0.76, (f)
0=85% d43=20.7um d3»=14.6um @m=0.75. Aqueous phase formulation
(1.6% ph15EO 0.2% NaOH, 1% NaCl). The picture were taken at the
edge of the borosilicate chambered coverglass where a higher
concentration of water is 0bserved. ........c.ccoeveeverienieieniienieeene 100
Microscope pictures of oil A in water emulsions. (a) ¢=20% d43=2.1pum
d3>=1.7pum em=0.71, (b) ¢=40% da3=1.6um d3>=1.4pm em=0.86, (c)
¢=60% d43=6.4pm d32=4.5pum em=0.75, (d) 9=80% d43=22pum
d3>=15.9um @em=0.74. Aqueous phase formulation (1.6% ph15EO 0.2%
NaOH, 0.8% NaCl). The picture taken at the edge of the borosilicate
chambered coverglass where a higher concentration of water is
ODSEIVEA. ... 101
Microscope pictures of oil B in water emulsions. (a) 9=20% ds3=3.4pum
d32=2.7um em=0.72, (b) p=40% d43=3.2pm d32=2.3um ¢m=0.76, (c)
¢=60% d43=8.0pum d32=5.1pm ¢m=0.78, (d) ¢=80% d43=20.9um
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Fig. 4.12:

Fig. 4.13:

Fig. 4.14:

Fig. 4.15:

Fig. 4.16:

Fig. 4.17:

Microscope pictures of (a) 60% oil A emulsion prepared with 2%
DMHPA 0.1% NaCl, (b) 60% oil A emulsion prepared with 2% TETA
0.1% NaCl, (¢) 60% oil A emulsion prepared with 2% TETA 0.1%
NaCl, (d) 85% oil A emulsion prepared with 3% DIPA-15EO 0.2%
NaCl, e) 60% oil A emulsion prepared with 1.6% NPE-12EO 0.8%
NaCl, f) 60% oil A emulsion prepared with 1.6% NPE-12EO 0.8%
NaCl. (c) and (f) are taken at the edge of the coverglasses............ 103
pH of pure aqueous solutions with various alkali and 80% oil B
emulsions prepared with 1.6% phenol-15EO, 0.4% NaCl and 0.2-1.2%
ALKALL e 108
Total energy of interaction of oil D droplets of d;>=6um vs. distance
between two droplets. Aqueous formulation of 0.2% NaCl and 0.8%
NaCl. Na'=0.185M. W; is normalized to ksT (Thermal energy)..111
Total energy of interaction of oil D droplets of d3>=6um. Aqueous
formulation of 0.2% NaCl and 0.8% NaCl. Na'=0.185M. W; is
normalized to KBT. .....oooiiiiiiiii e 112
Total energy of interaction of oil droplets with an aqueous formulation
of 1.6% phenol-15EO, 0.2% NaOH and 0.0% NaCl. Na"=0.05M. The
radius of the oil droplets are varied from 1-20pum. a) A plot of the
primary maximum. b) A plot of the secondary minimum. ............ 113
Total energy of interaction of oil droplets with an aqueous formulation
of 1.6% phenol-15EO and 0.2% NaOH. R=5 um. The electrolyte
concentration in the aqueous phase are varied from Na"=0.05-0.5M. a)

A plot of the primary maximum. b) A plot of the secondary minimum.



Fig. 4.18:

Fig. 5.1:

Fig. 5.2:

Fig. 5.3:

Fig. 5.4:

Total energy of interaction of oil droplets with an aqueous formulation
of 1.6% phenol-15EO and 0.2% NaOH, and 0.8% NaCl. Na'=0.2M.
Oil droplets of different radius were analyzed. R1=5 um and R»=0.25-5
pm. a) A plot of the primary maximum. b) A plot of the secondary
1080111001010 F SO P SRR UPUSRTRRI 117
[lustration of aggregate structures breaking down with increasing
magnitude of shear. Water inclusion results in higher dispersed-phase
volume than the total particle/droplet volume. ..........c..cceevuvennenne. 124
(a) Strain y and (b) frequency w dependence of the storage modulus G’
(solid symbols) and loss modulus G” (open symbols) for monodisperse
silicone O/W emulsions of varying dispersed-phase volume .
Obtained from Mason et al. (1997)......cccvveviieviiiniieiieeieeeeee e, 132
Dynamic strain sweep for suspensions with equal attraction strength and
different . (a) G’,G” vs y are plotted. The arrow shows the G” peaks.
(b) T, YG' vs. y are plotted. The arrows indicate the yield strains and

yield stresses. Figures obtained from Koumakis and Petekidis (2011)

Linear viscoelastic storage and loss moduli G’(solid symbols) and
G”(open symbols) vs. eff for attractive and repulsive emulsions.
Attractive emulsions are circles, upward-pointing triangles, and squares.
Repulsive emulsions are diamonds and downward-pointing triangles.
Attractive emulsions all have same interaction potential energy. ¢@m =~
0.68-0.72. Figure obtained from Datta et al. (2011). The lines are

measurements from Mason et al. (1997).......cccccvvevcviencieinceeee. 134
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Fig. 5.5:

Fig. 5.6:

Fig. 5.7:

Fig. 5.8:

Volume fraction dependent behavior of O/W emulsions. Yield strains of
attractive (circles, upward-pointing triangles, and squares) and repulsive
(diamonds and downward-pointing triangles) emulsions vs. eff are
plotted. The lower symbols are the first yield strain of attractive
emulsions, yyl. The top symbolss are the second yield strain of
attractive emulsions, yy2 and the yield strain of repulsive emulsions, yy.
Figure obtained from Datta et al. (2011) ....ccovevvieviieniieiieieeeenne, 135

(a) Upward and downward strain sweeps of W/O emulsion (¢ = 0.9)
and (b) transient measurement of viscosity at constant shear rates. The
x-axis is in log(t). Figures obtained from Masalova et al. (2005)..136
(a) Steady-state flow curve of repulsive emulsion. The diamonds are
shear rate controlled (SR) and the squares are stress controlled (SS)
measurements. (b) Steady-state flow curve of attractive emulsion. The
squares are shear rate controlled (SR) and the circles are stress
controlled (SS) measurements. (c) Transient measurements of shear rate
vs. time with stress controlled measurements for repulsive emulsion. (d)
Transient measurements of shear rate vs. time with stress controlled
measurements for attractive emulsion. Figures obtained from Fall et al.
(2070). ettt 137
Pictures of parallel plates: Side and top view of a smooth parallel plate

(left) and a cross-hatched parallel plate (right). ........cccceeevveernennnee. 139
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Fig. 5.9: (a) Oscillatory strain sweep measurement of polymer solution (soft gel).
Shows a combination of Type I and IV behavior of attractive colloidal
suspensions. (b) Nonlinear odd higher harmonic (n > 3) stresses
normalized to the linear viscoelastic stress (n = 1) for strain sweep
measurements. Fourier transform used to analyze the data. Figures
obtained from Hyun et al. (2005).......cccccoveviievieniieieeieeeeeee. 142

Fig. 5.10: T vs. t at constant shear rates. 80% oil D emulsion prepared with 1.6%
phenol-15EQO, 0.2% NaCl, 1.0% NaCl (D80-4). 50 mm cross-hatched
parallel plate with 1mm gap at 22.25°C £0.25. Shear stress was not
corrected using the Weissenberg-Rabinowitsch correction method. 143

Fig. 5.11:  yvs.t. 80% oil D emulsion prepared with 1.6% phenoll15EO, 0.2%
NaCl, 1.0% NaCl (D80-4). 50 mm cross-hatched parallel plate with
Imm gap at 22.25°C +£0.25. Shear stress was not corrected using the
Weissenberg-Rabinowitsch correction method. ...........ccccceveennnee. 144

Fig.5.12:  tvs.y. 80% oil D emulsions 1.6% phenol-15EO, 0.2% NaOH, 1.0%
NaCl (D80-4). 50 mm cross-hatched parallel plates with 1mm gap at
22.25°C £0.25. Shear stress was corrected using the Weissenberg-
Rabinowitsch correction method. Filled circle is downward shear rate
scan. Green triangle is upward shear rate scan. Black square is shear
rate obtained from the constant shear stress transient measurements in
Fig. 5.11. Red diamond is shear stress obtained from the constant shear

rate transient measurements in Fig. 5.10. ........ccccovvviiniiiinieennnen. 145
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Fig. 5.13:

Fig. 5.14:

Fig. 5.15:

Fig. 5.16:

Fig. 5.17:

80% oil D emulsion prepared with 1.6% phenol-15EO 0.4% NaOH and
0.4% NaCl (D80-7). a) G',G", T vs.y relationship at constant w = 1 Hz.
The arrows represent the yield strains of the sample. b) G', G" vs. w
relationship at constant y = 5%. The arrows point to the w and y
independent GO' and material relaxation time WC.........cccevveeeenneene 147
80% oil D emulsion prepared with 1.6% phenol-15EO 0.2% NaOH and
0-1.2% NaCl (D80-1 to D80-5). a) G' vs.y relationship, b) G" vs.y
relationship, and c) T vs. y relationship measured at constant w = 1 Hz.
The arrows represent how the yield strains moved when NaCl
concentration was increased in the chemical formulation. ............. 149
80% oil D emulsion prepared with 1.6% phenol-15EO 0.2% NaOH and
0-1.2% NaCl (D80-1 to D80-5). G', G" vs. w at constant y. Filled
symbols are G' and empty symbols are G"..............ccceevvievriennnnnnn. 151
80% oil D emulsion prepared with 1.6% phenol-15EO 0.2-0.4% NaOH
and 0-1.2% NaCl (D80-1 to D80-9). G'/GO0,G"/GO vs. w/wc at constant
y. Filled symbols are G'/GO and empty symbols are G"/GO. Solid line is
G'/GO = 1 + 0.6w/wc0.6 and the dashed line is G"/G0 = 1.7w/wc0.7

T vs.y of oil D emulsions prepared with 1.6% phenol-15EO, 0.2%
NaOH, and 0% NaCl. a) D40-10: ¢ = 40%, om = 0.79, b) D50-11:

@ = 50%, em = 0.78, c) D60-12: ¢ = 60%, @m = 0.8, d) D70-13:

@ =70%, em = 0.73, ¢) D80-14: ¢ = 80%, @m = 0.69, f) D85-15:
@ = 85%, @m = 0.69. The black line is the modified Herschel-Bulkley
model. The orange line is the wall slip model. The arrows indicate the
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Fig. 5.18:

Fig. 5.19:

Fig. 5.20:

Fig. 5.21:

Fig. 5.22:

Fig. 5.23:

T vs.y of 80% oil D emulsions prepared with a chemical formulation of
1.6% phenol-15EO, 0.4% NaOH, and a) D80-6: 0%, b) D80-7: 0.4%, c)
D80-8: 0.6%, and d) D80-9: 0.8% NaCl. The solid black line is the
modified Herschel-Bulkley model. The dotted black lines are the two
Herschel-Bulkley models that were combined to form the solid black
line. The colored lines are the wall slip model. ...........c..cccceueenee. 159
INlustration of flow regimes modeled by Herschel-Bulkley equations.
The dotted lines are the individual HB equations. The solid line is Eq.
5.10. The drawings represent the state of droplet aggregation as a

function of shear. The dispersed-phase concentrations are not drawn to

VS/VOvs. T of 80% oil D emulsions with 1.6% ph15EO, 0.4% NaOH,
and 0-0.8% NaCl (D80-6 to D80-9). Measured with 50 mm cross-
hatched and smooth parallel plates with 1mm gap at 22.25°C £0.25.163
VS/VO vs. a) t/tyl and b) t/ty2 of 80% oil D emulsions with 1.6%
ph15EQ, 0.4% NaOH, and 0-0.8% NaCl (D80-6 to D80-9). Measured
with 50 mm cross-hatched and smooth parallel plates with Imm gap at
22.25%C F0.25. e 164
VS vs. VO of 80% oil D emulsions with 1.6% ph15EQO, 0.4% NaOH, and
0-0.8% NaCl (D80-6 to D80-9). Measured with 50 mm cross-hatched
and smooth parallel plates with 1mm gap at 22.25°C £0.25. ......... 166

a) VS/Vy1 vs. CV0/Vy1 and b) VS/Vy2 vs. CV0/Vy2 of 80% oil D
emulsions with 1.6% ph15EQO, 0.4% NaOH, and 0-0.8% NaCl (D80-6 to
D80-9). Measured with 50 mm cross-hatched and smooth parallel plates

with Imm gap at 22.25°C £0.25. ..ccviieieeeeeeeeeee e 167
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5.25:

5.26:

5.27:

5.28:
5.29.

5.30:

5.31.

a) VS/Vy1 vs. (t-tsy)/(tyl-tsy) and b) VS/Vy2 vs. t/ty2 of 80% oil
D emulsions with 1.6% ph15EO, 0.4% NaOH, and 0-0.8% NaCl (D80-6
to D80-9). The ty2S represents the start of the flow induced yield
stress. The black line represents the wall slip model (Egs. 5.11-12)169
VS/Vy vs. (t-tsy)/(ty-tsy) for a) n = 0.5 and b) n = 0.8 with slip
MOdel (EQ. 5.13). oottt 171
VS vs. T of 80% oil D emulsions with 1.6% ph15EO, 0.4% NaOH, and
0-0.8% NaCl (D80-6 to D80-9). a) 0% b) 0.4% c) 0.6% d) 0.8% NaCl
EIMUISIONS. ...eiiitieiieiiesiee ettt et sttt et et e 173
Slip flow regimes for concentrated heavy O/W emulsions that show two-
step yielding behavior..........c.eevvveeiierieniieieeiecee e 174
Calculated Vyi vs. measured Vyi. a) Vy1l and b) Vy2.................... 176

T vs.y,yapp of 80% O/W emulsions prepared with 1.6% phenol-15EO,
0.2% NaOH, and 0.4% NaCl. a) A80-1: Oil A, d3>=17.3um, @m =
0.79, b) B80-3: Oil B, d32=26.7um, @m = 0.78, ¢) D80-2: Oil D,
d3o=13 M, @M = 0.7 179
nvs.y of 40-85% oil D emulsions prepared with 1.6% phenol-15EQO,
0.2% NaOH, and a) 0% NaCl (D40-10 to D85-15) and b) 1% NacCl
(D40-16 to D85-21). Measured with 50 mm cross-hatched parallel
plates with Imm gap at 22.25°C £0.25. ....ccovviieiiieeieeeieeeeeeen 180
nvs.y of 75-85% oil B emulsions prepared with 1.6% phenol-15EO,
0.4% NaOH, and 0.8% NaCl. B75-5: 75% emulsion (d3,=28.8um,

@m = 0.81). D80-26: 80% emulsion (d3;=6.6um, @m = 0.94). D85-
42: 85% emulsion (d32=20.5um, @m = 0.87). Measured with 50 mm

cross-hatched parallel plates with Imm gap at 22.25°C +£0.25....... 181
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Fig. 5.32:

Fig. 5.33:

Fig. 5.34.

Fig. 6.1:

nvs.y of 80% oil B emulsions prepared with different chemical
formulations. Blue circle: 0.2% NaOH (B80-5: d3>=30um, ¢m =
0.765), Black cross: 0.4% NaOH (B80-6: d3>=15um, ¢om = 0.8), Green
diamond: 0.6% NaOH (B80-7: d3,=6.8um, @m = 0.73), Red star: 0.8%
NaOH (B80-8: d3>=5um, @m = 0.75), Black square: 1.6% Ph15EO
0.2% NaOH (B80-9: d3,=33.5um, ¢om = 0.73), Purple triangle: 1.6%
Ph15EO 0.2% NaOH 1.2% NaCl (B80-30: d3>=21.3um, m = 0.81).
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Chapter 1: Introduction

1.1 MOTIVATION

Oilfield operations such as drilling, reservoir management, and production have
steadily been increasing in complexity in the last 20 years to increase the recoverable
reserves from new or producing oil fields. Due to the declining recoverable reserves of
the so called conventional crude oil, exploration and production of unconventional oils
such as shale oil and heavy oil/bitumen have been increasing in the United States and the
world. Furthermore, to offset the declining production rate of conventional oil and to
meet the global demand for petroleum, many national oil companies (NOCs) and
international oil companies (IOCs) have been performing enhanced oil recovery (EOR)
operations in their existing conventional oilfields. EOR operations improve and increase
the fields’ oil production rate and ultimate oil recovery of the original oil in place (OOIP)
compared to the primary production operation (5-15% of OOIP) and conventional
secondary (waterflood) production operation (~25-30% of the OOIP) with ultimate oil
recovery of 30-45% of the OOIP [Laherrere (2001); Lake et al. (2014)]. Figure 1.1
shows the source of the worldwide crude oil production (data + projection) from 1990-
2030. The general trend is decreasing production from conventional producing fields and

increasing production from EOR and unconventional reservoirs in the future.



120 7 Natural gas liquids

mb/d

| Non-conventional oil

M Crude oil -
additional EOR

M Crude oil - fields yet
to be found

Crude oil - fields yet
to be developed

100

M Crude oil - currently
producing fields

1990 2000 2010 2020 2030

Fig. 1.1: World oil production by source from World Energy Outlook 2008

One common theme for all of the unconventional and EOR operations is the
necessity for technological advances which allow for economically viable extraction of
the remaining oil in the fields which otherwise would not have been produced based on
the crude oil price at the time. In almost all the cases, these operations require the
injection of specialized complex fluids and/or production of specialized complex fluids as
the result of the operations. The proper design and optimization of these fluids are
critical to the success of all the operations. Some of these complex fluids are listed:

¢ Drilling: Drilling muds, fracking fluids

e Reservoir/EOR: Surfactants, polymers, foams, nanoparticles, polymer gels

e Production: Oil-in-water (O/W) emulsions, water-in-oil (W/O) emulsions,
sand/fines suspensions

e Surface transportation to/from fields: Concentrated chemicals (surfactants,
polymers, emulsion polymers), O/W, and W/O emulsions

All the complex fluids fall under the classification of colloidal suspensions which

is defined as one substance of microscopically dispersed insoluble particles suspended

2



throughout another substance. The dispersed and continuous phases can be any

combination of gases, liquids, and solids except for gas and gas which are miscible in all

cascs.
Table 1.1:  Colloidal suspension classification
Dispersed Phase
Gas Liquid Solid
Gas N/A Aerosol Solid aerosol
Sol

Continuous Foam Emulsion Ex: drilling mud, polymer

Phase Liquid Ex: CO2/N3 in brine Ex: Oil-in-water, solution,
for EOR Water-in-oil sand/fine/nanoparticle in

oil/water

Solid Solid foam Gel Solid Sol

Almost all oilfield colloidal suspensions have liquids as the continuous phase with
gases/liquids/solids as the dispersed phase.
Some of the concentrated colloidal suspensions utilized in the oil industry are

shown in Fig. 1.2.
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Fig. 1.2: (a) Dry (left) and wet (right) foam under microscope [Hohler and Cohen-
Addad (2005)] b) Heavy oil-in-water emulsion (left) and heavy oil (right) ¢) Emulsion
polymer illustrations of W/O to W/O inversion process [SNF Floerger (2014)]

The concentrated colloidal suspensions in Fig. 1.2 are described in detail below.
1. Foam

Foam is a colloidal suspension with gas as the dispersed phase and liquid as the
continuous phase. The composition of foam in oil industry is usually gas (¢ > 0.7)
dispersed in continuous phase of brine. Very high gas concentration (¢ > 0.9), dry
foam, and moderate gas concentration (¢ < 0.7), wet foam, microscope images are
shown in Fig. 1.2a. The dispersed phase can be N2, COz, or hydrocarbon gases. The
foam stability is improved by appropriate surfactants and in recent cases, nanoparticles.

Foam viscosity is very high compared to either of the pure phases, gas or water. Thus,
4



foam has been utilized as a secondary/tertiary EOR injection method to improve oil
displacement efficiency in oil reservoirs. It is especially useful in low permeability
reservoirs where polymer flooding is not possible. Foam exhibits shear thinning property
and yield stress which can best be described by Herschel-Bulkley model and its viscosity
increases exponentially with higher dispersed gas concentration [Bonilla and Shah
(2000)]. Foam injection into porous media requires careful optimization and tuning.
Lower than required foam viscosity results in poor oil displacement efficiency and higher
than required viscosity results in very low oil production rates.

2. Drilling mud [Caenn and Chillingar (1996)]

Drilling mud is a complex fluid used to lubricate drill bit/pipe, prevent wellbore
collapse, prevent mud loss to the reservoir, prevent gas kick, and transport cuttings to the
surface. To accomplish all these tasks, drilling mud has to be designed and optimized to
each well being drilled to possess the right density, viscosity, yields stress, and shear-
thinning behavior. The composition of drilling mud consists of any combination of brine,
minerals/clay, alkane/oil, polymers, and surfactants (concentrated dispersed phase of
solid and/or liquid in liquid continuous phase). Drilling mud rheology is also described
properly with Herschel-Bulkley rheological model [Kelessidis et al. (2006)].

3. Emulsion polymer [SNF Floerger (2014)]

Emulsion polymer usually describes concentrated aqueous polymer solution-in-oil
emulsions. Low concentration (<~2,000 ppm) aqueous polymer solutions such as
hydrolyzed polyacrylamide (HPAM) are often used as a secondary/tertiary EOR injection
method to improve oil displacement efficiency similar to foam. Ideally, dry HPAM
powders are mixed into the injection brine with the required mixing procedure in the field

[Levitt (2012)]. However, large polymer mixing facilities are not available on offshore



platforms where space is extremely limited. That is where, emulsion polymer becomes
very valuable. Concentrated HPAM aqueous solution consisting of 50-95% (wt) HPAM
is prepared offsite. Such solution viscosity is on the order of millions of cP which makes
transportation to the injection sites very difficult. Thus, to reduce the apparent viscosity
of the aqueous polymer solution, the concentrated HPAM aqueous solution is emulsified
in some type of alkane/oil using surfactants. These W/O emulsions show only a fraction
of the viscosity of the concentrated HPAM aqueous solution. Financially, it is prudent to
prepare and transport as highly concentrated W/O emulsion as possible while still
maintaining transport viscosity to the injection sites. Once at the injection site the
emulsion polymer can be inverted to O/W emulsion and further diluted to the required
polymer injection concentration with the injection brine without the need for large mixing
equipment (Fig. 1.2c).
4. Heavy oil-in-water emulsions

Heavy oil and bitumen resources account for approximately 70% of the remaining
oil discovered to date in the world. However, only 3 billion barrels of the 25 billion
barrels of crude oil produced worldwide in 2000 was heavy oils/bitumen [Meyer and
Attanasi (2003)]. Compared to light crude oils, heavy oils and bitumen are more costly
to produce, transport, and refine. The viscosity of heavy oils and bitumen is usually too
high to be produced by the natural energy of the reservoir and/or secondary production
methods such as waterflood and gas flood. If the heavy oil/bitumen reservoirs are
shallow, surface mining is used. Otherwise, thermal EOR methods such as steam and
combustion are used to lower the oil viscosity.

A key challenge of transporting heavy oils/bitumen from production sites to

refineries is also their viscosity which can be ~10°-107 cP at standard conditions.



Regulations limit the operation of crude oil pipelines to oils with <~350 cSt at the
transport temperature. The most common method of reducing heavy crude oil viscosity
below the regulation limit is to dilute the heavy oils with low viscosity hydrocarbon
diluents such as condensate. The required volume of diluents can be up to 50%v [Saniere
et al. (2004)]. Once transported to a refinery, heavy oil and bitumen must be upgraded by
lowering the carbon content and increasing the hydrogen content before the traditional
refining processes can take place. The diluent cost and increased cost of transporting a
larger volume of diluted heavy oil are as significant a challenge in exploiting heavy
oil/bitumen resources as the higher costs of producing and refining heavy oils/bitumen.

An alternative method to transport heavy oil/bitumen from the production sites to
refineries is to prepare concentrated heavy O/W emulsions such as the commercial
emulsion pipelines in Indonesia [Simpson (1963)] and Venezuela [Salager et al. (2001)].
The viscosity of such heavy oil emulsions can be orders of magnitude lower than the
heavy oil viscosity. Concentrated heavy oil-in-water emulsions composed of up to 98%
vol. heavy oil are possible [Chirinos et al. (1990)], but a higher emulsion viscosity is
observed for higher dispersed oil concentrations. The ultimate goal is to transport as little
water in the emulsion as possible while still maintaining viscosity below the pipeline
limit of <350 cSt. viscosity.

The rheological properties of concentrated heavy oil-in-water emulsions are very
complex and an extensively studied subject in the literature [Abdurahman et al. (2012);
Ahmed et al. (1999a); Ashrafizadeh and Kamran (2010); Gutierrez et al. (2003);
Hoshyargar and Ashrafizadeh (2013); Nuiiez et al. (1996); Nufiez et al. (2000)]. Shear-
thinning behavior and yield stress are two of the many reported non-Newtonian

properties of concentrated heavy oil emulsions.



Understanding the flow properties of colloidal suspensions is essential since all
fluids are transported through porous media and/or pipes of varying dimensions during
oil field operations. The flow rate of fluids is a function of flow conduit dimensions,
pressure gradient, fluid density, and fluid viscosity. Pressure gradient is controlled by
independent variables in most operations such as the downhole pressure and the capacity
of pumps as well as the stress failure limit of the flow conduits. Flow conduit dimensions
can seldom be varied since the rock properties and pipeline dimensions are fixed. To
optimize the flow rate of colloidal suspensions, the only parameter that can typically be
controlled is the viscosity of colloidal suspensions. To be able to tune the rheological
properties of concentrated colloidal suspensions utilized in the oil industry, better
understanding of the relationship between their rheological properties and

physicochemical properties is needed.

1.2 OBJECTIVES OF THE RESEARCH

The main objective of this research was to develop a deeper knowledge of the
properties of concentrated colloidal suspensions utilized in the oil industry. The
experimental focus was on understanding how the rheological properties of concentrated
colloidal suspensions are affected by the sample properties, as well as the flow conduit
dimensions and flow conditions. To achieve the main objective, the research focus was
on one specific type of colloidal suspension utilized in the oil industry, concentrated
heavy oil-in-water emulsions. The idea is that the microstructures of all colloidal
suspensions show fundamental similarities. Understanding the underlining connections
between the physical and rheological properties of concentrated heavy oil-in-water
emulsions should translate to the understanding of the basic properties of most

concentrated colloidal suspensions.  Finally, the physical properties of concentrated



heavy oil emulsions were tuned to possess the desired rheological properties for pipeline

transportation.

The major objectives of this research are listed below:

1.

To develop a simple method of preparing low viscosity, high dispersed phase
concentrations of heavy oil-in-water emulsions with viscosity below the pipeline
operation limit (<350 cSt).

To understand and characterize the rheological properties of concentrated heavy oil-
in-water emulsions as a function of their physicochemical properties, flow conduit
dimensions, and operating conditions.

Lastly, using experimental laboratory measurements (capillary tube viscometers and
parallel plate viscometer), flow of concentrated heavy oil emulsions is up-scaled to
full-scale pipeline dimensions as well as flow conditions. Sensitivity analysis of
pipeline dimensions, flow conditions, as well as emulsion physicochemical properties
are performed to find the optimal conditions and emulsion properties for pipeline
transportation of heavy oil emulsions. The goal is to prepare concentrated heavy oil
emulsions with the highest dispersed phase while still maintaining the pipeline

viscosity limit (<350 cSt).

1.3 DESCRIPTION OF THE CHAPTERS

The dissertation is organized into 7 chapters.

Chapter 2 is an in-depth literature review of heavy oils and many methods of

transporting heavy oils/bitumen from the production sites to refineries. The focus is on

the heavy oil-in-water emulsion method. Rheological models for emulsions of varying

dispersed phase concentrations are reviewed and discussed.



Chapter 3 describes a new, one-step procedure for preparing concentrated heavy
oil-in-water emulsions. A chemical formulation method was used to prepare
concentrated emulsions with varying physical properties. The goal was to prepare
concentrated emulsions with specific physical properties that show lower emulsion
viscosity at pipeline operating conditions.

Chapter 4 presents the photomicrographs of heavy oil-in-water emulsions taken
using a fluorescent microscope. The energy of interaction between oil droplets in the
emulsions are analyzed.

Chapter 5 presents a systematic experimental study on the rheology of
concentrated heavy oil emulsions. Concentrated emulsion samples were prepared with
the new procedure mentioned in Chapter 3. Smooth and roughened parallel plate
geometry were used to perform a full analysis of concentrated emulsions using steady
state, oscillatory, and transient measurements. Non-Newtonian properties of concentrated
emulsions with varying physical properties were examined and characterized. Modeling
equations were used to describe the rheology of concentrated emulsions.

Chapter 6 presents experimental rheology data of heavy oil-in-water emulsions
using capillary tube viscometers of varying dimensions. Tube viscometers were used to
simulate pipe flow of heavy oil-in-water emulsions. Capillary tube viscometer
measurements make it possible to study the effects of high shear rate flow, laminar to
turbulent flow transition, and flow conduit dimensions on the flow of emulsions.

Chapter 7 presents the methods and equations that were used to up-scale
laboratory viscosity measurements of heavy oil-in-water emulsions to flow in crude oil
pipelines of various dimensions. A sensitivity analysis was conducted to obtain the
optimal flow conditions, flow dimensions, and physicochemical properties of

concentrated heavy oil-in-water emulsions for large scale pipeline flow.
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Chapter 8 presents the major findings of this research as well as recommendations

for future research.

11



Chapter 2: Literature Review of Heavy Oil Emulsions

2.1 HEAVY CRUDE OILS

Petroleum liquids are classified as either light, medium or heavy based on their
API gravity, a type of inverse specific gravity commonly used in the oil and gas industry,
referenced to water properties at standard conditions of 60 °F and atmospheric pressure.
API gravity of 10 corresponds to the same density as water. API>10 and API<I10
correspond to less dense than water, and more dense than water, respectively. Heavy
crude oils are classified further into subgroups based on both API gravity and viscosity.

Table 2.1 summarizes the crude oil classifications based on API gravity and viscosity:

Table 2.1:  Crude oil classification based on API gravity and viscosity defined by the
USGS

Classification of Qils/Qil Property API Gravity Viscosity (cP) at reservoir

conditions
Light Oils API>20° u<100
. Heavy 10°<API<20° 100<p<10,000
Heavy Oils :
Bitumen API<10° 10,000<p

Light crude oils can be produced at economically viable flow rates mainly from
the pressure gradient between the initial reservoir pressure and the bottom-hole pressure
when wells are drilled (primary production). Factors such as oil compressibility, solution
gas, and presence of water aquifer also contribute to the rate of production. When the
reservoir pressure declines and leads to lower production rates of oil, water/gas injection
wells can be drilled to inject water/gas into the oil reservoirs (secondary production).
Water/gas injection helps to increase or maintain the reservoir pressure, resulting in
longer duration of sustained oil production rates. The relationship between the flow rate
(q@), pressure gradient (VP), oil viscosity (u), and porous media permeability (k) is

expressed simply and elegantly by Darcy’s law:
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where A is the cross-sectional area to flow. For flow of oil, k is the permeability of oil
and u the oil viscosity.

As shown in Fig. 1.1, the production rate of currently producing conventional oil
reservoirs of the world are expected to decline in the future. Yet to be produced and
undiscovered conventional oil reservoirs in the world are expected to replace some of the
oil production from producing oil reservoirs to satisfy the energy demand of the world.
Unconventional resources also make up a significant portion of the future world oil
production. A vast source of mostly untapped unconventional oil that exists in the world

is heavy crude oils and bitumen.

Bitumen and Extra-Heavy Oil
Heavy Oil

Fig. 2.1: Global heavy crude oil resources (billion barrels of oil) [Klavers and Atkins
(2011)]

It has been estimated that over seven trillion barrels of heavy oils and bitumen
exist in the world (Fig. 2.1). One of the challenges of economically producing large
quantities of heavy crude oils is their high viscosity. Since the viscosity of heavy oils is

significantly higher than that of light oils, the production rates are extremely low and
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uneconomical for most heavy oil fields as Eq. 2.1 demonstrates. Thermal EOR
production methods are utilized to decrease the viscosity of heavy oils to improve the
production rates. It is estimated that the in-situ recovery factor of heavy oils/bitumen are
approximately 10-20% of the OOIP [Meyer and Attanasi (2003)]. That is 10-25% less
ultimate recovery of OOIP compared to light oil reservoirs with secondary recovery

methods.

EOR of heavy oil reservoirs are necessary to fill the gap between the demand and
supply of petroleum liquids now and in the future. The most common EOR method
utilized to produce oil from heavy oil reservoirs is thermal EOR, where steam is injected
into the heavy oil reservoirs. Hot waterflood, steam flood, cyclic steam stimulation
(CSS), steam assisted gravity drainage (SAGD), and in-situ combustion are some of the
common thermal EOR techniques used. The primary purpose of thermal EOR methods is
to reduce the oil viscosity by increasing the temperature. Fig. 2.2 demonstrates the

extreme viscosity sensitivity of heavy crude oils to temperature.

1.E+08

log(log( +0.7)) = A — B log(T)
1.E407
1.E+06

1.E+05

i (cP)

1.E+04

1.E+03

1.E+02

1.E+01
0 20 40 60 80 100
Temperature (oC)

Fig. 2.2: Effect of temperature on heavy crude oil viscosity. Lines are modified
Walther’s equation with B=3.3
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Modified Walther’s equation was used in Fig. 2.2 to estimate the effect of temperature on
heavy oil/bitumen viscosity. Modified Walther’s equation models heavy oil viscosity vs.
temperature more accurately than a power law model or an exponential model. Constant,
A, represents the heavy oil/bitumen of varying viscosity. Constant, B, in the equation
represents the effect of temperature on viscosity and was estimated from the
experimentally measured heavy oil data presented in Chapter 3. Orders of magnitude
change in heavy oil viscosity is observed compared to 6-7 fold change in water viscosity
when the temperature changes from 0-100 °C. The temperature effect on heavy crude oil
viscosity is even more dramatic at steam flood operating temperatures.

As more and more heavy oils are produced globally to meet energy demand,
heavy oils must be transported from the production sites to refineries around the world.
The obvious solution is to use the existing crude oil pipeline infrastructure and oil tankers
to transport heavy crude oils. However, high crude oil viscosity, the same heavy oil
property that makes subsurface heavy oil production so challenging, also translates to
surface transportation difficulties. It is impossible to transport unmodified heavy crude
oil above a certain viscosity through pipelines at a reasonable flow rate. Heavy crude oil
viscosities can be modified with methods that use the unique properties of heavy crude
oils such as viscosity lowering effect of higher temperature, miscibility with light
hydrocarbons, and a presence of a large quantity of acidic components in the oil. The
heavy crude oil transportation methods used in the oil industry have met with varying

commercial success.

2.2 CRUDE OIL PIPELINE OPERATING CONDITIONS

Crude oil pipeline dimensions as well as the number of pump stations that provide

the necessary pressure for flow are designed to transport crude oils within a certain range
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of flow rates, crude oil densities, and crude oil viscosities. In the U.S.A., the Federal
Energy Regulatory Commission (FERC) regulates pipeline transmission of crude oils and
has a strict specification: the kinematic viscosity shall not exceed 350 cSt at the pipeline
reference line temperature. The specifications are also equivalent to the ones imposed by
the Canadian National Energy Board (CNEB). Operating conditions of most of the major
crude oil pipelines in the world are summarized in Table Al in Appendix A. The range
of operating conditions of major crude oil pipelines, a summary of Table A1, is listed in
Table 2.2. A viscosity of 20 cP and a density of 0.8 g/cm® were assumed in the

calculation of Reynold’s number and pressure drop given in Table 2.2.

Table 2.2: The typical range of maximum operating conditions of major crude oil

pipelines
Range Average
Pipe Diameter (inch) 18-48 33
Velocity (miles/hr) 2-11 6
Shear Rate (s!) 9-40 20
Reynold’s Number 40,000-200,000 | 100,000
Pressure Drop (psi/mile) | 3-36 11

With crude oil kinematic viscosity of 350 cSt, the flow rate and thus shear rate would

drop to a range of 5-20 s™! within the same range of maximum pressure drops.

2.3 PIPELINE TRANSPORTATION OF HEAVY OILS

To maintain pipeline transportability, heavy and extra heavy crude oils must be
treated or altered to meet the pipeline viscosity specifications. Many methods exist that
manipulate the physical and chemical properties of heavy crude oils to meet the pipeline
viscosity specifications. Some recent reviews of the most common methods used to

transport heavy crude oils are discussed in the studies by Saniere et al. (2004), Martinez-
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Palou et al. (2011), and Wylde et al. (2012). A thorough literature review of the most

prevalent and promising methods is conducted and discussed below.

2.3.1 Diluted Heavy Oils (Dilbit)

Perhaps, the most widely used method of lowering the heavy and extra heavy
crude oil viscosity is by blending heavy crude oils with a low viscosity diluent that is
miscible with heavy crude oils. Classical diluents are condensates, naphtha, light crudes,
and synthetic crudes. The resulting viscosity of the mixtures depends on the dilution rate,
and on the respective viscosities and densities of the heavy crude oil and the diluent.
Depending on the heavy crude oil viscosity, diluents such as condensates and synthetic
crudes of up to 30-50% vol. of the diluted heavy oils have been reported to be necessary
in the literature to satisfy the pipeline viscosity regulations [Saniere et al. (2004); Wylde
et al. (2012)]. The following equation by Miadonye et al. (2000) is used to estimate the
mass fraction of diluent necessary to reduce the various heavy oil/bitumen viscosities to

the pipeline transport limit of 350 cSt.

a—ln(lnvm—lnvD+1))l

[ln( @
XD =e "

where Xp is the mass fraction of diluent, v, the kinematic viscosity of crude oil, vp the

(2.2)

kinematic viscosity of diluent, v,, the kinematic viscosity of the mixture, a =
In(In(vy) — In(vp) + 1), and n = vp/(0.9029v, + 0.1351). Literature densities and
viscosities of toluene and hexane were used in the calculation. Heavy oil density was
assumed to be 1 g/cm®. Light hydrocarbon/synthetic crude oil viscosities and densities
were assumed to be 2 cP and 0.85 g/cm?® at 25 °C and 3 cP and 0.88 g/cm® at 0 °C. Eq.
2.2 was converted to a volume fraction of diluent based on the densities and plotted in

Fig. 2.3 for temperatures of 0 and 25 °C.
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Fig. 2.3: Volume fraction of diluent required to reach diluted heavy oil viscosity of

350 ¢St vs. the pure heavy oil viscosity. Example: Black arrow indicates the path of a
heavy oil viscosity from 25 °C (1) to 0 °C (2) and the increase in the diluent volume
required to reach v,,=350 cSt.

Miadonye et al. (2000) did not observed more than 15% error with their model
when compared to experimental data of diluted heavy oil viscosities with all three types
of diluent. Aromatic solvents such as toluene appear to be better viscosity reducing
diluents per volume followed by straight chain alkanes such as hexane and light
crude/Syncrude. For a temperature of 25°C, up to 30-35% toluene, ~35% hexane, and
~45% Syncrude are necessary. For a temperature of 0°C, up to ~35% toluene, 35-40%
hexane, and 45-50% Syncrude/light crude are necessary. A good rule-of-thumb is
approximately 10-15% (vol) extra diluent/Syncrude is required to reach v,,=350 cSt for
the same heavy oil/bitumen when the pipeline operating temperature changes from 25 to
0 °C, not an unreasonable seasonal temperature change. Recent studies have been
conducted to improve the efficiency of viscosity reduction by using a mixture of classical
diluents with polar solvents such as alcohols and methylethylketone (MEK) [Argillier et
al. (2005)].
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The biggest disadvantage of the diluent method of reducing heavy crude oil
viscosity is the large quantity of diluent needed to create a blend that meets the pipeline
viscosity specification. While necessary for facilitating transport, diluted heavy oils
create additional load on the strained pipeline infrastructure by consuming valuable
pipeline capacity. Increased distillation cost downstream is another add-on cost.
Perhaps, the most expensive and pressing problem with diluted heavy oil method is the
strained supply of diluents. Lack of diluents or high premium diluents can bottle-neck
the production of heavy oils and bitumen. Condensates have been selling up to $13/bbl
over U.S. benchmark futures because of this disparity between supply and demand in
Canada [Fomitchev-Zamilov (2015)]. Kinder Morgan estimated in 2013 that the diluent
demand in Canada is forecasted to be approximately 1 million bpd by 2025 [Lindley
(2013)]. Also, the demand for diluent in Canada in 2013 was approximately 300,000 bpd
while the local Canadian supply was only 150,000 bpd [Lindley (2013)] The difference
between the demand and local supply has been satisfied with imports from the U.S., as
far away as the Gulf Coast. The added costs of recycling and transportation of the
diluent from the refineries back to the heavy oil and bitumen production sites can be
enormous. The cost of transporting diluted heavy oil and bitumen is estimated to be up to
$18/bbl of diluted heavy oil/bitumen because of constrained pipeline capacities
[Fomitchev-Zamilov (2015)].

The transportation of heavy crude oils and bitumen from production sites in
Canada to the refineries in the U.S. can cost up to $22/bbl of diluted heavy oil/bitumen
assuming 30% diluent in the mixture. The diluted bitumen normally sells at ~20%
discount to WTIL. All the extra transportation costs as well as the discount of diluted
heavy oils compared to WTI also hurt the producers of heavy oil/bitumen producers who

are limited to only producing economically feasible fields. While the diluent
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transportation method is the most popular and dominant choice, the high costs associated
with this method provide incentives for alternative, cheaper methods of heavy oil and

bitumen transportation.

2.3.2 Upgrading Before Transportation

Another method of achieving a low heavy crude oil viscosity, closely associated
with the diluent method, is the partial upgrading of the heavy crude oils before
transportation. A portion of the heavy crude oil produced is partially upgrade in an
upgrading unit at the production site or nearby, resulting in a lower viscosity crude oil
called synthetic crude (Syncrude). The synthetic crude is used as a type of diluent and
blended with heavy crude oils. A major disadvantage of this method, on top of the
disadvantages of the diluent method, is the major capital investment required to build an

upgrading unit close to the production sites [Saniere et al. (2004)].

2.3.3 Core-Annular Flow

Core annular flow is a unique method of transporting heavy crude oils in
pipelines. Unlike the previous methods, core annular flow works by reducing the drag by
the pipe wall on the heavy crude oils instead of reducing the oil viscosity. On average,
10-30% water is injected with heavy crude oils and a layer of water forms between the
crude oil core and the pipelines, with the water layer acting as a slip layer, resulting in a
significantly reduced pumping power [Wylde et al. (2012)]. Fig. 2.4 shows an

illustration of the core-annular flow method.
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Pipeline

Fig. 2.4: Core-annular method of transporting heavy oils/bitumen. Illustration is from
Martinez-Palou et al. (2011)

Some success have been achieved in lab-scale and pilot-scale runs with limited
implementation in two commercial operations [Guevara et al. (1997)]. The main problem
associated with core annular flow occurs during pipeline shutdowns. The density
difference between the oil and water causes gravity separation, resulting in the
destruction of the annular water layer, and eventual blockage of the pipelines by the

heavy crude oils [Saniere et al. (2004)].

2.3.4 Heating and Insulating Pipeline

The heavy crude oil viscosity decreases dramatically with increasing temperature.
The effect of temperature on heavy crude oil viscosity is demonstrated in Fig. 2.2.
Pipelines can be heated/insulated with the use of insulation and heating stations, taking
advantage of this heavy crude oil physical property, to transport heavy crude oils. One
example of a heated pipeline is the Trans Alaska Pipeline System in Alaska which
operates at ~50°C to transport heavy crude oils [Saniere et al. (2004)]. The method
requires high utility costs to keep the pipelines heated, large capital investments on
installing insulation for the pipelines, building multiple heating stations, and causes

greater corrosion of the pipelines [Guevara et al. (1997)].
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According to Fig. 2.2, the heating and insulating method is limited to heavy oils
with viscosity of less than ~2,500-3,000 cP, ~20,000 cP, and ~250,000 cP at 25 °C for
heated temperatures of 60 °C, 80 °C, and 100 °C respectively. A hybrid method of
heating/insulation and one of the other methods such as the diluent method is a very
interesting idea that may enable the use of the heating/insulation method with higher
viscosity heavy oils at lower heated temperature. A hybrid method may also result in a
synergistic viscosity reduction where economically superior transportation of heavy

crude oils/bitumen would be possible compared to an application of a single method.

2.3.5 Heavy Oil-in-Water Emulsions

Emulsified heavy crude oil/bitumen can show significantly lower apparent
viscosity compared to the heavy crude oil/bitumen viscosity. Fig. 2.5 illustrates the types
of common emulsions found in the oil industry.

O Oil drop . Water drop

Water phase Oil phase Water phase

Fig. 2.5: Types of common emulsions found in petroleum production and transport.
Obtained from Martinez-Palou et al. (2011)

The preferred type of emulsion to transport heavy crude oils is oil-in-water (O/W)
emulsions. O/W emulsions have been shown to possess orders of magnitude lower
viscosity than heavy crude oils. On the other hand, W/O emulsions have higher viscosity

than the crude oil used in the emulsion mixture.
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The advantages of the emulsion method of transporting heavy oils are numerous.
First, the oil industry is very familiar with handling emulsions, which are often observed
in produced heavy oils. Instead of demulsifying produced emulsions, concentrated O/W
emulsions can be prepared for heavy oil transportation purposes. The source of the water
used in the emulsification process is one of the main concerns. Freshwater use is
regulated locally in many locations and are necessary in large quantities to produce steam
for thermal EOR of heavy oils as well as for hydraulic fracturing of shale formations.
Between 2-4.5 bbl of water is necessary to produce 1 bbl of oil in a mining operation in
Canada [National Energy Board (2006)]. To not be dependent on freshwater supply,
readily available and cheap seawater or produced water from the wells may be used with
the right combination of co-solvents and surfactants to emulsify heavy oils. Once heavy
oil emulsions reach the refineries, the emulsion must be demulsified before conventional
heavy oil refinery processes can proceed. The main costs associated with the emulsion
method are the chemical/surfactant costs and the cost associated with demulsification.

Heavy oil emulsions have been transported in major pipelines at least three times.
Literature is available on only two of the three cases.

Indonesia [Simpson (1963)]

Tandjung Pipeline in Indonesia was placed into operation in 1962 to transport
heavily paraffinic crude oil with a high pour point. The high paraffin content resulted in
crude oil with a very high yield stress at the transport temperature. After evaluation
heating, diluent, pour point depressor, and O/W emulsion methods for heavy oil
transportation, Shell Indonesia chose the O/W emulsion transport method which showed
the most promising results in laboratory and pilot-scale tests. The pipeline dimension had
a diameter of 20 inches and a length of 238 km. The heavy oil emulsion consisted of

70% dispersed oil phase. Non-Newtonian properties such as shear-thinning and
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thixotropy were observed with the Tandjung O/W emulsion during transport. A start-up
pressure drop of up to 14 psi/mile and a steady state pressure drop of about 10 psi/mile
were observed. A peculiar observation was made during the operation. The pressure
drop was almost constant within the range of flow rates during the operation. The

effective viscosity vs. calculated shear rate is shown in Fig. 2.6.
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Fig. 2.6: Effective viscosity vs. shear rate observed during the pipeline operation of
70% O/W emulsion transportation. Obtained from Simpson (1963)

At the operating temperature and shear rate of 10 s™!, a viscosity reduction from ~100,000
to 400 cP was achieved for 70% O/W emulsion.

Venezuela (Orimulsion) [Salager et al. (2001)]

Venezuela was one of the first countries to seriously explore the production of
heavy oil in the late 1970’s. The motivation is very simple. Venezuela holds the largest

heavy oil reserves in the world. The surface transportation problem of heavy oils was
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recognized early. INTEVEP, the research subsidiary of Petroleos de Venezuela, S.A.
(PDVSA), spent over a decade trying to solve the heavy oil transportation problem.
PDVSA came to the conclusion that the most cost effective method of transporting heavy
oils was the use of O/W emulsions. In mid 1980’s, after over a decade of research and
development, a trademarked heavy O/W emulsion composition, Orimulsion®, was
developed. The composition of Orimulsion® was 70-73% heavy oil emulsion stabilized
with a low concentration of nonionic surfactants. Orimulsion® showed viscosity of
~350-570 cP at 30 °C and 100 s! in the laboratory.

Orimulsion® was transported in a 350 km pipeline with a residence time of 3-4
days. The observed flow conditions were a shear rate of less than 10 s and laminar flow
with Reynold’s number <1,000. At these operating conditions, the apparent viscosity of
the Orimulsion® was ~2,000 cP. The same peculiar, constant pressure drop readings,
similar to the Indonesian emulsion pipeline, were observed when the flow rate was

increased four-fold (Fig.2.7).
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Fig. 2.7: Mass flow rate and pumping pressure vs. pumping time for Orimulsion®.

The figure is from Revista Tecnica INTEVEP, vol. 10, N° 1, page. 13, 1990 but obtained
from Salager et al. (2001)

It was speculated that migration of heavy oil droplets away from the pipe walls

created a thin slip layer of water which caused the peculiar pressure drop readings instead
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of the shear thinning property of concentrated emulsions [Nufiez et al. (1996)]. The
unusual and unexpected pressure drop readings resulted in an apparent viscosity lower
than what was predicted from laboratory rheometer measurements.

The original journal articles that published the Orimulsion data presented in this
section were all written in Spanish. Salager et al. (2001) summarized the Orimulsion
data in Chapter 20 of Encyclopedic Handbook of Emulsion Technology published in
2001. Original article citations can be found at the end of the book chapter.

Surfactants

Normally, crude oil and water are immiscible. When mixed together, the
immiscible phases separate in a matter of seconds. However, when surface active agents
are added to a mixture of crude oil and water, interfacial tension is lowered and an
emulsion is created where one liquid is the dispersed phase and the other is the
continuous phase. The stability of emulsions is improved and can be stable for >months,
depending of the preparation procedure and emulsion composition. Since the residence
time of emulsions in pipelines is days, stability of emulsions is a critical component of
emulsion transportation method.

Surfactants are organic molecules that possess both a hydrophilic group (head)
and a lipophilic group (tail). Bancroft rule states that the liquid in which an emulsifier is
more soluble constitutes the continuous phase. Solubility preference of surfactants can
be quantified by the concept of hydrophilic-lipophilic balance (HLB), where high HLB
surfactants are more soluble in water than in oil, thus forming O/W emulsions, and low
HLB surfactants are the opposite, resulting in W/O emulsions. The HLB is a function of
the surfactant structure, surfactant concentration, brine composition, oil composition and,

temperature.
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The stability and rheological properties of concentrated heavy O/W emulsions are
affected critically by the type and concentration of the surfactants utilized in the process
of preparing emulsions. There are three main types of surfactants that are commercially
available with distinct advantages and disadvantages associated with each. They are
nonionic, cationic, and anionic surfactants
Nonionic Surfactants

The most common type of surfactants used in preparation of heavy crude O/W
emulsions is nonionic surfactants. Nonionic surfactants consist of a hydrocarbon chain as
the lipophilic group and a polar group with no charge such as ethylene oxide as the
hydrophilic head. The most common type of nonionic surfactants, used for preparation
of heavy O/W emulsions, is alkylphenol ethoxylates. Orimulsion® is prepared with

nonylphenol ethoxylate. The structure is shown below.

N\/\/VQ/ O{/\OLH

Fig.2.8: Structure of nonylphenol ethoxylate. n represents the number of ethylene
oxides.

Nonionic surfactants are relatively insensitive to salt concentrations in water
compared to ionic surfactants. Thus, nonionic surfactants can readily be used with
seawater or high salinity brine to prepare O/W emulsions. No precipitation of nonionic
surfactants is observed with divalent cations. The HLB of nonionic surfactants does not
vary a lot as a function of salinity. However, nonionic surfactants are very sensitive to
temperature. Higher temperature changes the HLB of nonionic surfactants to be more
lipophilic and may result in formation of viscous W/O emulsions. The cost of non-ionic

surfactants is moderate, but the stability of the emulsions is poor compared to emulsions
27



prepared using ionic surfactants. Wylde et al. (2012) screened dozens of nonionic
surfactants to create and optimize heavy O/W emulsions with great success.
Cationic Surfactants

Cationic surfactants are ionic surfactants that contain a positively charged
hydrophilic head group with a lipophilic tail. Cationic surfactants are the most expensive
and typically the least used type of surfactants for preparation of heavy O/W emulsions
because of the cost. Cationic surfactant are often sensitive to water salinity as well as the
electrolyte composition, resulting in precipitation of surfactants with divalent anions in
the brine. Cationic surfactants are not as sensitive to temperature as nonionic surfactants.
O/W and W/O emulsions form below and above an optimal water salinity, respectively.
An optimum salinity is defined as the salinity at which the surfactant molecules are
equally attracted to both water and hydrocarbon phases (HLB=10).

Anionic Surfactants

Anionic surfactants contain a negatively charged hydrophilic head group with a
lipophilic tail. Anionic surfactants have the same properties as cationic surfactants
except anionic surfactant may precipitate in the presence of a high concentration of
divalent cations in water. Anionic surfactants form very stable and homogenous
emulsions. Recent advances have been made with synthesis of new anionic surfactant
groups that can tolerate higher salinity and hardness for chemical enhanced oil recovery
purpose [Adkins et al. (2010)].

Studies have also been conducted that show synergetic effect of combining
nonionic surfactants with anionic surfactants to prepare heavy crude O/W emulsions with
lower viscosity than possible with just individual surfactant types [Ahmed et al. (1999a);
Zaki et al. (2001)].

Natural Anionic Surfactants
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Crude oil is a highly complex mixture of thousands of different components. A
component found in most heavy oils and bitumen is naphthenic acids. Naphthenic acids
are isomeric mixtures of carboxylic acids containing one or more saturated fused alicyclic
rings. Very fortunate for preparing very stable heavy O/W emulsions, the naphthenic
acids present in heavy oils can be deprotonated with the use of alkali to generate “natural
anionic surfactants” commonly called soap. Heavy crude oils can be tested for the
presence and quantity of the naphthenic acid by a titration method detailed in ASTM
D974. Common alkalis are extremely inexpensive compared to synthetic surfactants,
making this the lowest cost method of stabilizing heavy O/W emulsions. Examples of
common inorganic alkalis are sodium hydroxide, sodium carbonate and sodium
metaborate. Ammonia and organic alkalis such as alkyl amines have also been shown to
increase the pH and generate natural surfactants from heavy crude oils and provide
unique advantages compared to the common alkali [Gutierrez et al. (2003); Verzaro et al.
(2002)].

The key disadvantages of the natural surfactant O/W emulsion method are:

e Unknown combination of surfactants as well as surfactants of unknown molecular
weight are generated.

e Surfactant concentration is very sensitive to alkali concentration and pH.

e High hydrophobicity of the natural soap results in inversion of O/W emulsions to

W/O emulsions at very low salinity. Freshwater is usually required.

Advances in chemical EOR, with the concept and application of alkali-surfactant
polymer-flooding (ASP) [Nelson et al. (1984)] and the more recent alkali co-solvent
polymer flooding (ACP) [Fortenberry et al. (2013)], have overcome some of the

limitations listed above. By adding hydrophilic surfactants and/or co-solvents, heavy
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O/W emulsions can be prepared with high salinity alkaline water without inverting to

W/O emulsions.

2.4 HEAVY OIL EMULSION RHEOLOGY

Extensive studies have been published on the preparation, stability, and rheology
of colloidal suspensions. The key problem of all these studies is how to relate the
viscosity of colloidal suspensions (usus) to the physicochemical properties of colloidal
suspensions such as dispersed phase concentration (¢), dispersed phase particle size,
particle size distribution, interaction potential between the dispersed phase particles, as
well as the viscosities of dispersed (p,;) and continuous (i) phases to the viscosity of the

colloidal suspensions.

2.4.1 Dilute

Einstein (1906) was the first to show that the viscosity of a dilute suspension of

spherical particles is a function of dispersed phase concentration and continuous phase

Viscosity:
% =1+25¢ + 0(¢p?) (2.3)

where p. is the continuous phase viscosity and ¢ the dispersed phase concentration.
Taylor (1932) derived the viscosity equation for very dilute emulsions which included the

dispersed phase viscosity (uq) and reduced to Eq. 2.3 when pu; — oo.

Hemul Uct+2.50g
Hemul _ q 4 (Mct25uq 2.4
Uc + ( UctUa ) 4 ( )

Egs. 2.3-2.4 are only accurate for very dilute colloidal suspensions which show negligible

interaction between dispersed particles/droplets (¢ < 0.05).
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2.4.2 Moderate

A vast literature exists on how to extend the dispersed phase concentration range of Eq.
2.3 to higher ¢ [Batchelor (1977); Krieger (1972); Krieger and Dougherty (1959); Maron
and Pierce (1956); Mooney (1951)] and Eq. 2.4 [Pal (2001), (2000a); Phan-Thien and
Pham (1997)]. The Pal (2001) equation reduces to the Krieger and Dougherty equation

when the viscosity ratio of the dispersed phase to continuous phase approaches infinity

(K — o0):
wlm] " = () @9)

where u,. is the viscosity ratio of the emulsion (uem,,;) t0 the continuous phase(u.) and
¢, the maximum packing volume fraction of the particles. Equations 2.3-2.4 are only
accurate for very dilute colloidal suspensions that show negligible interaction between
dispersed particles/droplets (¢ <« 0.05). Equation 2.5 and thus also the Krieger and
Dougherty equation have been shown to be only accurate up to moderate dispersed
particle/droplet concentrations (¢ < ~0.5 — 0.6) with accurate ¢,, values. As ¢ — 0,
Equation. 2.5 reduces to 1. Shewan and Stokes (2015) plotted the relative viscosity of
hard sphere suspensions using data from the literature as a function of normalized
dispersed phase concentration. The hard sphere suspensions varied in size from colloidal
to non-colloidal and ¢, varied from 0.58-0.81. The curves in Fig. 2.9 are calculated
using Eq. 2.5 (Krieger-Dougherty) with ¢, = 0.64, and from the Mason and Pierce

equation (MPQ) with estimated ¢,,, values.
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Fig. 2.9: Relative viscosity of colloidal suspensions vs. ¢/@,, [Shewan and Stokes
(2015)].

The MPQ equation appears to fit the data the best out of the three models shown in Fig.
2.9. u, approaches infinity as ¢/¢,, approaches 1 using Eq. 2.5 and MPQ. The
implication is that colloidal suspensions cannot pack tighter than ¢,, and flow, which is

true for solid/rigid dispersed phases but not for a soft dispersed phases such as a liquid

2.4.3 Concentrated

Equations 2.3-2.5 are more than adequate for describing the rheological properties
of repulsive colloidal suspensions with dilute and moderate dispersed phase
concentrations. However, a large fraction of the colloidal suspension products utilized in
oil field operations require 1) rheological properties observed only in concentrated
colloidal suspensions (¢ > ~0.7) and/or 2) as highly concentrated colloidal suspensions
as possible to reduce the volume required to transport to and from the
injection/production sites. Since emulsions and foams are soft, studies have shown that

emulsion and foam droplets can deform at the sites of droplet contact to pack a lot denser
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than the random close packing of uniform spheres (¢>0.64). See the photomicrograph of

concentrated and compressed O/W below (Fig. 2.10).

Fig. 2.10:  Concentrated O/W emulsion, ¢ = 0.77, obtained by confocal microscopy
[Meeker et al. (2004)].

Stable emulsions up to 98% dispersed phase concentration have been prepared
[Chirinos et al. (1990)]. Eq. 2.5 is not suitable for concentrated emulsions since a
solution doesn’t exist when ¢,, < ¢. The deformation of the droplets has been observed
to result in concentrated emulsions/foams possessing unique non-Newtonian properties
such as shear-thinning, yield stress, thixotropy, and slip at the flow surface. The most
commonly used model to describe the rheological properties of concentrated emulsions is
the Herschel-Bulkley (HB) model.

T=1y tky" (2.6)
where 7 is the shear stress, 7, the yield stress, y the shear rate, k the consistency index,
and n the flow index. However, the limitation of HB model is that k is simply a fitting

parameter and does not hold a physical explanation.
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Princen (1983, 1985) and later Princen and Kiss (1986, 1989) published a set of
four groundbreaking papers on rheology of concentrated emulsions and foams, relating
shear stress vs. shear rate, elasticity, and yield stress to physicochemical properties;
Sauter mean diameter (ds2), interfacial tension (I'), and ¢. The viscosity equation they

used for concentrated unimodal oil-in-water emulsions (¢ > 0.74) is:

Hemur = + ((,0) [d”;zl;/] (2-7)

where 7,, is the yield stress and y the shear rate. Princen and Kiss (1989) estimated C(¢)
to be a simple function of ¢, C(¢) = 32(¢p —0.73). The strain and frequency
independent storage modulus, G, of concentrated emulsions can be approximated with the

equation:
G =177—0"3(¢ — o) 2.8)
32
where ¢, is the volume fraction of the close-packed-spheres configuration and Princen
and Kiss estimated it to be 0.73. Mason et al. (1995) found Eq. 2.8 was in sharp

disagreement with results from an extensive series of experiments and came up with the

following relationship:
r

G~—¢(¢ — Pm) (2.9)
32

C(@) = 32(¢p —0.73) is very similar to C = Ap(¢ — ¢@rcp) Where A = 25.5 and ¢,,, =
0.67 for ¢ > 0.75. When Eq. 2.7 is rearranged to include G with the assumption that

C(@)~p(p — ¢,), the following equations is obtained:

11/2
T=1,+BG [MT?'V] (2.10)
where B is a constant.
Seth et al. (2011) developed a micromechanical model to predict the flow curve of

soft particle glasses by using the concept of elastohydrodynamic phenomena.

34



_q1/2
uld ] (2.11)

T =Tyt (T, [yyzE*
where ¢ is a numerical coefficient, y,, the yield strain, and E* the contact modulus. Using
the expressions, 7, = ¥,G and E* = 9.92I'/R [Seth et al. (2006)], Eq. 2.11 can be

expressed:

11/2
7 =1, +0.2245¢6 [~ |

(2.12)

The modified Princen and Kiss equation (Eq. 2.10) is very similar to the
micromechanical model derived by Seth et al. (2011) (Eq. 2.12).

Note the similarities of HB equation (Eq. 2.6), Princen and Kiss equation (Eq.
2.10), and Seth et al. (2011) equation (Eq. 2.12). The Princen and Kiss equation and Seth
et al. (2011) equation have no fitting parameters and eliminated the limitation of HB
model, which has fitting parameters. The consistency index, k, in HB model equals

BG[u.ds,/T]"/? where B is a constant.

2.5 UNSOLVED ISSUES TO BE ADDRESSED

There are four main issues that have not been addressed in the literature about heavy
O/W emulsion transportation. These issues are the main focus of this research.

A simple method of optimizing Heavy O/W emulsion physicochemical properties

A simple method of tuning the physicochemical properties of heavy O/W
emulsions such as the interfacial tension, droplet size distribution, and average droplet
size needs to be developed. Heavy O/W emulsions with optimized physicochemical
properties that result in low viscosity need to be identified.

Application of existing rheology models for heavy O/W emulsions

One of the key questions in this study is whether Eqgs. 2.5 and 2.7 can be used to
accurately describe the rheological properties of moderate and concentrated dispersed

phase heavy O/W emulsions.
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Accurate rheological characterization of heavy O/W emulsions

Concentrated emulsions show very complex rheological properties that must be
measured accurately using the right equipment and procedure. How the following
variables affect the rheological properties of heavy O/W emulsions are investigated

1. Flow conduit dimensions (flow radius and length)
2. Flow types (drag flow and pressure driven flow)
3. Flow surface properties (smooth and rough)

Upscaling rheological properties of O/W emulsions to various flow conduit dimension

Some laboratory viscosity measurements seem to indicate that up to 75-85%
heavy oil-in-water emulsions show low emulsion viscosity of <350 cP [Abdurahman et
al. (2012); Hasan et al. (2010); Nufez et al. (2000); Zaki (1997)]. However,
transportation of 70% heavy oil Orimulsion ® in a pipeline showed apparent emulsion
viscosity of ~2,000 cP which is six times the viscosity limit of most crude oil pipelines.
Emergence of slip layer and/or lubrication layer appears to be the common explanation
for the difference in the emulsion viscosity observed between laboratory measurements
and pipeline scale operations. A systematic study of how heavy O/W emulsions slip, as
well as development of an upscaling model which takes into account various rheological

properties of heavy O/W emulsions is needed.
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NOMENCLATURE

Cross-sectional area of flow

Dispersed-phase volume fraction

Flow behavior index

Flow consistency index

Interfacial tension

Kinematic viscosity where i = O, D, m represent oil, diluent, and mixture
Maximum close packing fraction possible for solid spheres

Permeability

Pressure gradient

Sauter mean diameter

Shear stress

Strain and frequency independent storage modulus

Viscosity ratio of dispersed-phase to continuous-phase

Viscosity where i = sus, d, ¢, emul represent suspension, dispersed, continuous,

and emulsion

q
Ty

Volumetric flow rate
Yield stress

ABBREVIATIONS

CNEB Canadian national energy board

CSS
EOR

Cyclic steam stimulation
Enhanced oil recovery

FERC Federal energy regulatory commission

HB

Herschel-Bulkley

HPAM Hydrolyzed polyacrylamide

HLB
10C

NOC

o/w
00IP
SAGD
W /0

Hydrophilic lipophilic balance
International oil company
National oil company
Oil-in-water

Original oil in place

Steam assisted gravity drainage
Water-in-oil
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Chapter 3: Preparation of Heavy Qil-in-Water Emulsions

3.1 INTRODUCTION

The focus of this chapter is the method used to prepare tailored stable,
concentrated heavy oil-in-water (O/W) emulsions with low viscosity. Heavy oils mixed
with just brine show a tendency to form viscous water-in-oil (W/O) emulsions because of
the presence of hydrophobic polar molecules present in the oil such as asphaltenes and
resins. Typically, the phases in the O/W emulsion separate within minutes if not seconds
unless a surfactant is added or created by saponification to stabilize it. The emulsions
must be stable for the duration of pipeline transport (residence time of days).

Many heavy oils and bitumen contain significant quantities of naphthenic acid
components [Speight (2014)] Such oils can be reacted with an alkaline solution to
generate soap and reduce interfacial tension. The quantity and type of soap are dependent
on the composition of the heavy crude oil and the pH of the alkaline solution [Speight
(2014)]. Alkali is used for this purpose in enhanced oil recovery (EOR) methods. The
most common EOR process is to use alkali with a surfactant and a water-soluble polymer
(ASP flooding). More recently, Fortenberry et al. (2013) found that heavy oil emulsions
had a lower viscosity when co-solvents were used with the alkali instead of surfactants
and this was advantageous, with respect to EOR. Fortenberry et al. (2013) used several

novel co-solvents such as IBA-5EO and phenol-16EO.

Chapter 3 is based on a previously published article of the author. The author conducted
all the experiments and wrote the journal article.

Nizamidin, N., Weerasooriya, U.P. and Pope, G.A., 2015. Systematic Study of Heavy Oil
Emulsion Properties Optimized with a New Chemical Formulation Approach: Particle
Size Distribution. Energy & Fuels, 29(11), pp.7065-7079.
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These and other novel ethoxylated co-solvents used in this study to optimize heavy oil
emulsions have shown superior performance, compared to conventional alcohol co-
solvents [Fortenberry et al. (2013); Taghavifar (2014)]. One of the major advantages of
these ethoxylated co-solvents is their ability to be easily tailored to the crude oil and brine
by modifying the ethylene oxide (EO) number, which affects their hydrophilic-lipophilic
balance.

Rheological scaling equations presented in Chapter 2 can be analyzed to quantify
the effect of the physicochemical properties of emulsions on emulsion viscosity. For
moderate dispersed-phase emulsions, Pal’s model (Eq. 2.5) shows that only three
parameter, continuous phase viscosity (u.), dispersed phase concentration (¢), and the
maximum packing parameter of the dispersed phase (¢,,), control the viscosity of
repulsive emulsions. Since the goal is to increase the oil concentration (dispersed-phase)
in heavy oil emulsions, ¢ cannot be lowered. The continuous phase viscosity (u.) cannot
be changed unless the pipeline operating temperature is increased or a liquid with a lower
viscosity than water can be used for the continuous phase. Thus, the only parameter that
can be realistically modified is ¢,,.

For concentrated dispersed-phase emulsions, the Princen and Kiss equation (Eqg.
2.7), modified with Mason’s expression (Eq. 2.9), predicts that four additional
parameters, yield stress (z,), shear rate (y), Sauter mean diameter (ds,), and interfacial
tension (I'), affect the emulsion viscosity. Table 3.1 shows the effect of each parameter

on the emulsion viscosity and stability.
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Table 3.1:  Physicochemical properties of emulsions necessary for low emulsion

viscosity
Lower viscosity of moderate | Lower viscosity of | Better emulsion stability
O/W emulsion (Eq. 2.5) concentrated O/W emulsion
(Eq. 2.7)
] l
Pm T
U l )
4 )
T, l )
ds, ) !
r !

The yield stress, 7,,, can also be expressed as a function of other parameters [Princen and
Kiss (1989)]:

ry = 2 g3r (p) (3.1)
where Y () is an experimentally determined function that increase sharply as ¢ increass.
To prepare concentrated emulsions with low viscosity, higher y, ds,, ¢,, and lower I" and
U are necessary. ¢,,, I', and ds, of emulsions are three parameters that can be modified
by tuning the chemical formulation used in the preparation of heavy O/W emulsions.

@, 1s a fitting parameter in Eqg. (2.5). Its value ranged from 0.55-0.74 for the
experimental data fit by Pal. When ¢ << ¢,,, the viscosity of repulsive emulsions is
Newtonian and insensitive to mean droplet size [Pal (2003), (2001), (2000b)], whereas
when ¢ > ¢,,, emulsion viscosity is shear-thinning and is dependent on d5, for unimodal
emulsions [Foudazi et al. (2012); Malkin et al. (2004); Masalova et al. (2011); Nufiez et
al. (2000); Pal (2006), (2000b), (1996)]. These observations are consistent with
experimental data in the literature.

The change in the regime for unimodal emulsion rheological properties modeled
by Eq. (2.5) and Eq. (2.7) occurs at ¢ of ~0.55-0.65 and this is also when the emulsions

become more viscous and have non-Newtonian behavior such as yield stress and shear-
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thinning behavior [Nufiez et al. (2000); Pal (2000b)]. The observed range of ¢ is close to
¢@m for monodisperse hard sphere suspensions. The parameter ¢,, is defined as the glass-
transition point (¢, = 0.58), the random loose packing point (¢, = 0.60), or the
random close packing point (¢,.c, = 0.64) for monodisperse spheres [Mewis and Wagner
(2009)]. The term ¢, is used when a hard sphere is only able to relax within a cage
formed by its nearest neighbors, thus limiting diffusion and flow [Sollich et al. (1997)];
@rip 1S the packing volume fraction of uniform hard spheres packed in a random manner;
and ¢, is the highest packing volume fraction of uniform hard spheres packed by the
vibration method in a random manner. ¢, is a function of the particle size distribution of
droplets/spheres. Larger ¢,, values are obtained for polydisperse size distributions
compared to narrow uniform size distributions.

Since the high viscosity, yield stress and shear-thinning behavior of concentrated
emulsions are caused by increasing particle-to-particle interactions as the result of the
deformation of the droplets when ¢ >¢,,, physicochemical properties of the emulsions
can be tuned to mitigate the increase in viscosity of concentrated emulsions in two ways:
(1) increase ¢, which keeps the dispersed-phase droplets from deforming and (2) if ¢ >
@m, INcrease ds, and decrease I" while maintaining emulsion stability.

One of the main objectives of this research was to prepare concentrated heavy
O/W emulsions with low viscosity by optimizing the co-solvents, surfactants, alkali, and
electrolytes with respect to the droplet size distribution. Nufiez et al. (1996, 2005)
described a two-step method of preparing two concentrated unimodal emulsions, one
with smaller mean droplet diameter and one with larger droplet diameter, and then
mixing the two emulsions at the optimum ratio to obtain concentrated bimodal emulsions
of lower viscosity. Lower emulsion viscosities are achieved using this method because of

the higher ¢, values of bimodal emulsions compared to unimodal emulsions. The
41



procedure used in this research offers the advantage of one-step preparation of
concentrated low viscosity emulsions (multimodal droplet size distribution) with
optimized chemical formulations, which requires only one mixing tank, whereas the two-
step method requires three mixing tanks.

The ¢,,, value of the emulsions was calculated using the method of Farr and Groot
(2009) to compare and contrast the effectiveness of the various chemical formulations
used to prepare concentrated emulsions from a purely droplet size distribution point of
view. Section 3.2 describes the chemicals, the concentrated emulsion preparation
procedure, and the equipment and procedures used to measure and analyze particle size
distributions, as well as the method used to measure oil rheological properties. Section
3.3 reviews the theories related to the mean diameter, standard deviation, and
polydispersity of the particle size distribution and how they affect ¢,,, of concentrated
emulsions. A literature review of experimental data of concentrated emulsions and the
relationship between phase behavior studies of oil/surfactant/water systems and particle
size distributions is presented. Section 3.4 discusses the results of the experiments based
on the effects the chemical formulations have on ds2 and ¢,,, in terms of the heavy oils,
co-solvents, alkali, electrolytes, and synthetic surfactants. Section 3.5 presents the

conclusions of this study.
3.2 EXPERIMENTAL SECTION

3.2.1 Materials

The chemicals used in the preparation of heavy O/W emulsions are presented in
this section.

3.2.1.1 Crude Oils.
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Four heavy crude oils were used in this study. The properties of the oils are
illustrated in Table 3.2. The crude oil samples are identified using the letters A, B, C, and
D. The crude oils were selected to represent a broad range of viscosities from a variety of

geological settings.

Table 3.2: Heavy Crude Oil Properties

TotalC (A) Zuata(B) PRB(C) Ugnu (D)

Origins unknown Venezuela Canada  Alaska
Dynamic viscosity (mPa s) at 25°C and 10 s* 310,000 93,000 62,500 9,000
Specific gravity at 25°C 1.01 0.99 1.02 0.97
API gravity at 25°C 8-9 10-11 7-8 14-15
Total acid number (mg KOH/g oil) 6.40+0.1 3.85+0.2

The viscosities of the heavy crude oil samples, as a function of temperature, are shown in

Fig. 3.1.
1x10° ¢ :
B Crude Oil A
4 Crude Oil B
5 ¢ Crude QilC
10T e CrudeQilD | 3
0
a  1x10* L
g F
3
1x10° |
log[log(u+0.7)] = A — B*log(T)
102 b e
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Temperature (°C)
Fig. 3.1: Viscosity of four heavy crude oils at a shear rate of 10s. The lines

represent the modified Walther equation
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The viscosities of the heavy crude oils were measured using an advanced rheometric
expansion system (ARES) (TA Instruments, Model LS-1). A cone-and- plate geometry
was used to measure the heavy crude oil samples, because of the extremely high viscosity
of the oils at low temperature, and the Couette geometry was used for high temperature.
The modified Walther equation [Mehrotra et al. (1989)] fit the data better for all four
heavy crude oil samples compared to power law or exponential fits.  Table 3.3 shows

the fitting parameters for the modified Walther equation for all four oils.

Table 3.3:  Modified Walther equation fitting parameters for oils

Oil OilA 0OilB OilC OilD
A 9.786 | 8.786 | 8.955 | 9.058
B 3.653 | 3.269 | 3.344 | 3.277

3.2.1.2 Co-solvents and Surfactants.

A variety of co-solvents were tested. The co-solvents were ethoxylated isobutyl
alcohol (IBA-nEQ), triethylene glycol monobutyl ether (TEGBE), alkoxylated phenol
(Ph-mPO-nEQ), and ethoxylated diisopropylamine (DIPA-nEO).  The chemical
structures are shown in Fig. 3.2. The chemicals were obtained from Harcros Chemicals,

Taminco, Aldrich Chemicals, and Huntsman Corporation.
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H
b) c)

Fig. 3.2: Structures of (a) alkoxylated phenol (ph-mPO-nEO, (b) ethoxylated isobutyl
alcohol (IBA-nEQO), and (c) ethoxylated diisopropylamine (DIPA-nEQO)

The most commonly used nonionic surfactant used to prepare heavy crude oil emulsions
is nonylphenol-ethoxylate (NPE). In this study, it was used to prepare oil-in-water (O/W)
emulsions as a reference point for the emulsion samples prepared using co-solvents. NPE
was obtained from Harcros Chemicals.
3.2.1.3 Salts and Alkali.

Agueous solutions of sodium hydroxide (NaOH), sodium carbonate (Na2COs),
and sodium metaborate (NaBOz) were used to saponify the naphthenic acids and
precursors in the heavy crude oils. Sodium chloride (NaCl) was used to adjust the

salinity of the water. These chemicals were obtained from Fisher Scientific.

3.2.2 Preparation Procedure of Heavy Crude Oil-in-Water Emulsions

All emulsion samples were prepared using the following procedure unless

otherwise noted.
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1. The aqueous solution consisting of deionized water (DI), NaCl, co-solvents, alkali
and surfactants is mixed at room temperature. All chemicals are measured and
reported as a weight percent of the aqueous solution (w/w).

2. A mixture of the aqueous solution and a heavy crude oil is poured into a
volumetric vial to prepare emulsions with different concentrations of oil (i.e.,
20%, 40%, 60%, 80%, 85%, and 90%). The concentration of the crude oil in an
emulsion is reported as a volume percent of the total volume of an emulsion at
room temperature (v/v).

3. The mixture is sealed and placed in a 95-100°C oven. No light end losses were
observed.

4. After heating to the oven temperature, the sample is vigorously hand-shaken for
10 seconds every 30 minutes for several hours.

5. The sample is taken out of the oven and cooled down to a room temperature of

23°C +2°C overnight before experiments are conducted.

The compositions of the emulsions are given in the figure descriptions. The
droplet size distributions of all concentrated emulsions were best described by log-normal
distributions.  However, unlike the data reported in the literature, most of the
concentrated emulsions formed polydisperse distributions that can be best described with
bimodal or trimodal log-normal droplet size distributions, instead of narrow unimodal
droplet size distributions. A likely explanation for the observed difference with the
droplet size distribution of the emulsions, compared to those described in the literature, is
the different method of concentrated emulsion preparation used in this study and the
optimization of the chemical formulations. The high internal phase ratio (HIPR) method

[Chirinos et al. (1990)] is a commonly used method of preparing concentrated emulsions
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(9> 0.7). The HIPR method uses continuous low shear (10-100 s) mixing for <5 min to
create emulsions with a very narrow droplet size distribution at <60°C [Chirinos et al.
(1990)]. These emulsions were prepared with brief, high shear (100-1,000 s) vigorous

hand mixing at a higher temperature of 95-100°C.

3.2.3 PARTICLE SIZE DISTRIBUTION

Two methods were used to ascertain the droplet particle size and shape of the

emulsion samples.

3.2.3.1 Fluorescent Light Microscopy

A fluorescent light microscope (Zeiss Axiovert) was used to take
photomicrographs of the emulsion samples. The samples were doped with a water-
soluble fluorescent dye, fluorescein. Fluorescein has peak excitation at 494 nm and peak
emission at 521 nm. Very low dye concentrations of fluorescein (10-20 ppm) were used
to minimize the effects of dyes on emulsion properties. Borosilicate chambered
coverglasses obtained from Thermo Scientific were used to contain the emulsion
samples. The 63x oil immersion objective was used to take the photomicrographs. The
photomicrographs provide visual evidence of the range of the emulsion droplet size for

each sample.

3.2.3.2 Static Light Scattering

The particle size distribution of the emulsion samples were measured using static
light scattering equipment (Malvern Mastersizer 2000 and 3000). After mixing the
samples thoroughly, the emulsion samples were diluted to the necessary concentration
using 0.2% NaOH and 0.1% NaCl solution. The alkali is necessary to maintain the pH

and to keep the naphthenic acids deprotonated. All measurements were conducted under
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ambient conditions. The theory proposed by Mie (1908) was used to calculate the oil
droplet size distribution based on how light is scattered by the spherical particles.
Refractive indices of both dispersed and continuous phases were required for the
application of Mie theory. The indices were measured using a refractometer. However,
since heavy oils are opaque, refractive indices of pure heavy oils cannot be measured.
Heavy oils were diluted with toluene at various volume fractions and the refractive
indices of diluted oils were measured. Refractive indices of mixtures with up to 60% vol.
oil were successfully measured with the refractometer. The refractive indices of pure
heavy oils were estimated from the extrapolation of the refractive indices of mixtures
using the Lorentz-Lorenz mixing rule [Yarranton et al. (2015)]. The refractive index of a

fluid is defined using the function:

FRI = b1

nj+2

(3.2)

where np, is the refractive index at the sodium D-line. The FRI mixture rule is used to
estimate the FRI of pure oils [Evdokimov and Losev (2007); Taylor et al. (2001)].

FRIpix = @ouFRIoy + (1 = @oi) FRItoruene (3.3)
where ¢ is the volume fraction. Ideal mixing is assumed for the mixtures which while
not true is accurate enough for the extrapolation [Yarranton et al. (2015)]. Fig. 3.3 shows

the measured FRImix of the oil-toluene mixtures for all four oils.
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Fig. 3.3: FRI of oil-toluene mixtures vs. the oil concentration (vol. %)

For Mie theory, both real and imaginary refractive indices of the fluids are required
(Mcomplex = Nreal — Mimaginary)- THE Myeq 1S the refractive index np measured while

Nimaginary T€Presents the absorption of light by opaque liquids. The nimqginary Of the

heavy oils were estimated according to the user’s manual of Malvern Mastersizer 3000.

Nimaginary Values of oils can be estimated by matching the volume fraction of oil

droplets measured using Mastersizer 3000 and the known volume fraction of oil droplets

by varying the npqginary Value in the equipment software. Table 3.4 shows the

estimated refractive indices of the liquids at standard room temperature of 22 °C £1.

Table 3.4: Real and imaginary refractive indices of four heavy oils and toluene

Nyeal nimaginary
Oil A 1.5745 0.003
oil B 1.5685 0.003
QilC 1.5555 0.003
Oil D 1.5548 0.003
Toluene 1.4949 0
Dilution water 1.33 0

49



The np values of all four heavy oils varied from 1.555-1.57 which matched the refractive
index values reported in the literature for heavy oils and bitumen of similar densities
[Evdokimov and Losev (2007); Taylor et al. (2001)]. The n;naginary Values for all oils
were ~0.003.

Since such low concentrations of diluted emulsions (0.01-0.05 vol%) are required
to accurately measure the particle size distribution, the Mastersizer 3000 accessory with a
sample volume of 600 mL was used. The large volume accessory necessitates a larger
quantity of concentrated emulsion samples to be diluted, resulting in a more accurate
representation of the particle size distribution of the entire samples in case of sample
inhomogeneity. The samples were mix at 1,500-2,000 rpm during the particle size
measurements to assure that droplets were fully separated from any aggregating
structures caused by droplet-droplet interactions.

To calculate the ¢,, value of emulsions, the droplet size distributions must be
accurately fitted to a distribution model. Emulsion droplet size distributions can be
modeled accurately by a log-normal distribution for unimodal distributions and a

combination of log-normal distributions for multimodal distributions:

fo(d; w,0) = Tt | fo (Goggmenlelmn/20n )| (34)

where fy is the probability density function of volume, n the number of peaks in the
distribution, d the diameter of droplets, o the natural logarithm standard deviation of the
droplet diameters, u the natural logarithm of the mean of the droplet diameters, and f the
volume fraction of a peak in the distribution over the entire droplet volume ¢,,/>:} ¢,..
The droplet size distributions are fitted to the log-normal probability density function of
volume with the least-square method weighted toward larger diameters, since the larger

droplets contribute significantly more to the volume fraction of the droplets.
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A closed analytical equation that calculates the ¢,, value of spheres modeled by a
unimodal log-normal distribution has recently been derived by Brouwers (2014).
However, the equation cannot handle a multimodal log-normal distribution and the
authors have no knowledge of an analytical equation that is capable of calculating the
random close packing fraction of spheres with a bimodal lognormal distribution. The
only method of calculating the ¢,, value of polydisperse spheres is to directly simulate
the packing of spheres using numerical simulations. Farr and Groot (2009) used a fast
one-dimensional (1D) algorithm for accurately estimating the ¢,,, value of polydisperse
hard spheres and compared it to the more computationally expensive 3D algorithms with
favorable results [Hopkins et al. (2013); Spangenberg et al. (2014)]. The Farr and Groot
algorithm was used to estimate the ¢,, value of concentrated emulsions in this paper
from the log-normal distribution model parameters. Note that we estimated ¢,, from
the ¢, of the droplet size distribution, since the ¢,, can be estimated relatively easily
for polydisperse emulsions. While we do not claim that ¢,.., represents ¢,, better than
@g O @, Spangenberg et al. (2014) showed that ¢,,=~0.93£0.005 ¢,, in Eqg. (3.1)
gave the best fit of experimental data from the literature. Note that, for the sake of

simplicity, we assumed that @, = @y¢.

3.3 THEORY

The theory section is divided into three main parts: (1) parameters that influence
the ¢,, value of spherical droplets; (2) literature review of experimental results of
concentrated bimodal emulsions of varying di./ds and ¢/(¢s; + ¢,) on the emulsion
rheology; and (3) phase behavior study of oil/surfactant/brine mixtures and particle size

distribution.
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3.3.1 Parameters that Influence the ¢m Value of Spherical Droplets

The goal of this study was to ascertain the optimal droplet size distribution of
emulsions that results in large ¢,,, values.

The ¢,, value of monodisperse hard spheres is dependent on the method of
packing, random (¢,,=0.60 or ¢,..,=0.64) or ordered (~0.74). The value of ¢,,= ~0.58-
0.64 is exactly the range of ¢ observed with emulsions where the emulsion viscosity
starts to increase dramatically for narrow unimodal emulsions [Nufiez et al. (2000); Pal
(2000b)], suggesting emulsion rheology is best described by random packing of droplets
[Spangenberg et al. (2014)]. How do polydisperse hard spheres pack?

Two parameters affect the packing fraction of binary solid spheres where two
monodisperse spheres of varying sizes are mixed in varying ratios. The variables are the
sphere diameter ratio (di/ds), where d is the sphere diameter and the subscripts “S” and
“L” respectively correspond to the small and large component of the binary mixture and
the volume fraction of the small monodisperse spheres, with respect to the total
monodisperse sphere volume (¢s/(ps + @;)). Furnas (1928) introduced the concept of
saturated, noninteracting binary monodisperse spheres, which is defined as the smaller
spheres filling the void created by the larger spheres without affecting the packing of the

larger spheres, expressed as di/ds=oo and @,/ (@ + ¢,)=0.36 (Fig. 3.4).
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Fig. 3.4: Depiction of binary sphere packing, ¢ = 0.83. Obtained from Hopkins et
al. (2013).

Brouwers (2014) summarized Furnas’ observations and concluded that the ¢,, value of
combined mixtures of saturated noninteracting monodisperse spheres can be described by
Eqg. (3.5):

Pt =1—= (1= @)™, (3.5)
where n is the number of noninteracting monodisperse size groups, @32t the ¢,,, value of
saturated noninteracting spheres of n monodisperse size groups, and ¢, the random
close packing fraction of monodisperse spheres (~0.64). For a binary mixture of
saturated noninteracting monodisperse spheres where n=2 and 3, the theoretical value of
P34 = ~0.87 and @3 = ~0.95. Experiments have revealed that noninteracting binary
monodisperse spheres are approximated when di/ds is >7-10, since realistic experimental
emulsion samples with di/ds=co are not possible [Furnas (1928); McGeary (1961)].
Recent numerical simulation studies by Hopkins et al. (2013) show that, for d./ds=3-10,

the maximum packing density is observed at ¢¢/(¢s + ¢, )=~0.20-0.25.
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The ¢,, value of theoretical unimodal log-normal distributions estimated using
the Farr and Groot model, as a function of the standard deviation, is depicted in Fig. 3.5

to show how the standard deviation affects the ¢,,.
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Fig. 3.5: ¢@m of an unimodal lognormal distribution vs. 6. o is the natural logarithm
standard deviation in Eq. 3.4.

Polydisperse emulsions showed standard deviations in the range of 0.4-1. The
benefit of emulsions with a higher standard deviation of the particle size distribution
becomes apparent when Eqg. (3.5) is modified to include the effect of standard deviation
on the ¢,,, value of emulsions:
pa® =1-111A = Qmn) , (3.6)
where n is the number of noninteracting unimodal groups, @3¢t the ¢,, of saturated
noninteracting spheres of n unimodal size groups, and ¢,,, the ¢, of individual

unimodal groups estimated based on the standard deviation. Table 3.5 shows the ¢3¢ as
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a function of a;, oy, and o for theoretical noninteracting saturated spheres. Very broad
bimodal emulsions can have even higher @32t value than narrow trimodal emulsions.

Table 3.5:  Saturated noninteracting @3t estimated as a function of standard deviation

using the Groot and Farr model (Assumed g;, = gy = 0dy)

o Unimodal, @3 Bimodal, @3 Trimodal, @3
0 0.64 0.87 0.96
0.1 0.65 0.88 0.97
0.5 0.71 0.91 0.98
1.0 0.80 0.96 0.99

3.3.2 Literature Review of Experimental Data of Concentrated Bimodal Emulsions

The rheological benefits of increasing the ¢,, value of concentrated emulsions by
preparing mixtures of two narrow unimodal emulsions of varying mean diameter have
been explored extensively [Foudazi et al. (2012); Nufiez et al. (2000); Otsubo and
Prud’homme (1994); Pal (2006), (1996); Romero et al. (2002)]. This is the commonly
used two-step method of preparing concentrated bimodal emulsions with lower viscosity

compared to concentrated unimodal emulsions (Fig. 3.6).

Unimodal Emulsion
LARGE DROPLETS Unimodal Emulsion
SMALL DROPLETS

Bimodal Emulsion

Fig. 3.6: Schematic representation of the formation of a bimodal emulsion from the
two-step method of preparing 2 unimodal emulsions and mixing them. Obtained from
Nuiiez et al. (2000)
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Narrow unimodal concentrated emulsions of varying ds, were prepared using the “High
Internal Phase Ratio” (HIPR) method developed by Chirinos et al. (1990) and mixtures of
du/ds = 1.5-15 with ¢,/(@s + @;) = 0-1 were prepared and tested in the literature
[Nuriez et al. (2000); Pal (2006), (1996)]. A summary of the literature data is displayed
in Table 3.6.
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Table 3.6: Bimodal emulsions are prepared by mixing unimodal emulsions of varying d,s at various volume fractions in the literature.
*Parameters di, ds, ¢, experimental optimum ¢@gs/(@; + @), and p are reported in the literature. ¢, and calculated optimum
@s/ (@, + @) are estimated using the Farr and Groot model with standard deviation of g,=05=0.3. ®Obtained at a shear stress of 0.9
Pa. °Obtained at a shear rate of 10 s°!

(poptimum = qos/(ps + )3

d, Range tested Experimental optimum Calculated optimum
Surfactants dys (um) /ds @ Pm u(mPass)at20s?! Ref.
Dispersed Phase: Mineral Oil; Continuous Phase: Water
Octylphenol ethoxylate d =195 1.50 094 ~0.68 0-1.00 0 ~0.35-0.50 1= Hoptimum Pal
(10EO) ds=1.28 (2006)
Dispersed Phase: Light Crude Oil; Continuous Phase: Water
Octylphenol ethoxylate d. =18 3.60 0.75 ~0.76 0-1.00 ~0.36 ~0.20-0.35 u,=~1,500° Pal
(10EO) ds=5 us=>10,000,000" (1996)
#optimumleOO b
Dispersed Phase: Heavy Crude Oil; Continuous Phase: Water
Nonylphenol ethoxylate d.=20 5.00 0.70 ~0.80 0-1.00 0.25-0.30 ~0.20-0.30 1, =~1,000 Nufiez
(17.5E0) ds = Hoptimum==100 etal.
(2000)
d. =20 1000 070 -~0.85 0-1.00 0.25-0.30 ~0.20-0.30 1, =~1,000 Nufiez
ds=2 1s=~4,000 etal.
“optimum:~70 (2000)
d =30 1500 070 ~0.86 0-1.00 0.25-0.30 ~0.20-0.30 u,=~550 Nufiez
ds=2 1s=~4,000 etal.
.uoptimum:~30 (2000)
d. =20 10.00 080 ~0.85 0-1.00 0.25-0.30 ~0.20-0.30 u,=~2,200 Nufiez
ds=2 Uus>7,000 etal.
ﬂoptimum:~900 (2000)
d.=30 1500 0.80 ~0.86 0-1.00 0.25-0.30 ~0.20-0.30 1, =~1,400 Nufiez
ds=2 Us>7,000 etal.
ﬂoptimum:~500 (2000)
Dispersed Phase: Saturated Solution of NH4NOj3 in Water; Continuous Phase: Hydrocarbon Oil
PIBSA-Urea d.=16.9 2 085 -~0.71 0-1.00 0 ~0.20-0.40 1, =~4,000° Foudazi
ds=8.2 us>10,500°¢ etal.
”aptimum:”L (2012)
d.=16.9 3 085 ~0.74 0-1.00 0 ~0.20-0.30 u,=~4,000° Foudazi
ds=5.6 us>19,000°¢ etal.
:uaptimum::uL (2012)
d =16.9 6 085 ~0.83 0-1.00 0.15-0.20 ~0.20-0.30 u,=~4,000° Foudazi
ds=27 1s>57,000° Hoppimum==2,800¢  etal.
(2012)
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Fig. 3.7 shows the estimated ¢,, and theoretical optimum ¢g/(@s+ @) values
calculated using the Farr and Groot model, assuming standard deviations of g;=05=0.3

for the di/ds in Table 3.6.
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Fig. 3.7: The ¢, binary log-normal distribution, as a function of theoretical ratio

R=di/ds and @s/(¢@ + ¢s). A value of 6s- 61=0.3 used in the Farr and Groot model to
calculate the points. The lines are in place only to guide the eyes.

Table 3.6 shows that a concentrated bimodal emulsion with di/ds = 1.5 did not
lower the emulsion viscosity, compared to the unimodal emulsion with dp [Pal (2006)].
Fig. 3.7 supports this finding by showing that the ¢,, value only increases by 0.01 for
di/ds = 1.5 compared to di/ds = 1. A value of di/ds = 3.6 showed a 15-fold reduction in
emulsion viscosity at the optimum ¢,/(@s+ @) value of 0.36, compared to the
unimodal emulsion of the large component at 7=0.9 Pa, but no minimum in emulsion

viscosity was observed at =30 Pa [Pal (1996)]. Fig. 3.7 supports this finding by
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showing that the ¢,,, value increases by 0.09 for di/ds = 3.6 compared to di/ds = 1. For
¢=0.7, as the value of di/ds increased from 5 to 10, the emulsion viscosity decreased
from 100 mPa's to 70 mPa-s at the optimum ¢@,/(¢s + ¢,), which can be explained by
the increase in ¢@,,, from ~0.8 to ~0.85 (see Fig. 3.7), compared to the unimodal coarse
emulsion viscosity of 1,000 mPa-s [Nuifiez et al. (2000)]. When the value of di/ds
increased from 10 to 15 the emulsion viscosity decreased from 70 mPa-s to 30 mPa-s,
while the value of ¢,, only increased from ~0.85 to ~0.86 (See Fig. 3.7); thus, the
decrease in the viscosity can be attributed mainly to the increase in di from 20 um from
30 um [Nuiiez et al. (2000)]. The effect of emulsion mean diameter was observed as the
unimodal emulsion viscosity decreased from ~4,000 mPa-s to 550 mPa-s when the mean
diameter increased from 2 pm to 30 pm for ¢=0.7. Foudazi et al. (2012) also observed
similar effects of di/ds and @,/(¢@s + ¢,) on emulsion viscosity for water-in-oil (W/O)
emulsions of ¢=0.85. The experimental data in Table 3.6 show that, when ¢ > ¢,, for
bimodal emulsions, larger di/ds values, larger ds, values, and optimum @/(@s + @)
significantly lowered the emulsion viscosity of bimodal emulsions, compared to
unimodal emulsions of the same ¢. The experimental findings are in agreement with the
trends observed in Table 3.1 from Eq. 2.7.

Shewan and Stokes (2015) used Eqg. (2.5) to calculate the hard sphere suspension
viscosity for a range of materials, fluids, and ¢ from the data available in the literature, as
well as their own experiments. The value of ¢,, was estimated using the Farr and Groot
model, instead of being a fitting parameter from the particle size distribution of both
monodisperse and bimodal suspensions of d,; = 0.3-250 um, di/ds = 0.002-7, and
os/(ps + @) = 0-1, and the data collapsed into one curve when the relationship of
U, Vs.@ /@, was plotted [Shewan and Stokes (2015)]. Calculating the ¢,, value of

colloidal suspensions from the droplet size distribution and incorporating it into Eq. (2.5)
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appeared to accurately describe the effects of the droplet size distribution on the hard
sphere packing viscosity when ¢ < ¢,, and in the presence of purely repulsive
interdroplet interactions.

High ¢,, values are obtained for multimodal emulsions with high di/ds values at
optimum ¢g/(ps + ¢,) =0.2—-0.3. How can heavy O/W emulsions with such

physicochemical properties be prepared with a simple one-step mixing procedure?

3.3.3 Phase Behavior Study of Oil/Surfactant/Brine Mixtures and Particle Size
Distribution

The composition of the chemical formulations used to prepare O/W emulsions
influences the particle size distribution as well as ds,. Phase behavior studies of
oil/surfactant/brine mixtures are often performed to test surfactants in chemical EOR
research to identify ultra-low interfacial tension at the desired electrolyte concentration
and temperature [Flaaten et al. (2009); Levitt et al. (2009); Lu et al. (2014); Taghavifar
(2014)]. Baldauf et al. (1982) conducted phase behavior experiments to study the
relationship between microemulsions and concentrated macroemulsions. The optimum
condition of a Winsor type Il bicontinuous microemulsion is defined as the point where
the interfacial tension is equal at the oil/microemulsion interface and the
water/microemulsion interface (Fig. 3.8). Observations show that, under these same
conditions, the volumes of water and oil solubilized in the microemulsion are also equal

and the coalescence rate is a maximum [Bourrel et al. (1979)].
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Fig. 3.8: Interfacial tension (left) and coalescence rate (right) of emulsions. Modified

from Perez et al. (2002)

A minimum in the average droplet diameter was found near but not at the
optimum condition for some emulsions [Perez et al. (2002); Salager et al. (1996); Tolosa
et al. (2006)]. Tolosa et al. (2006) showed in Fig. 3.9 that this minimum in average
droplet size is only found when co-solvent is added to the chemical formulation to
increase the coalescence rate. Co-solvents change the interfacial properties of the
micelles by disrupting the ordered packing of surfactant molecules, resulting in a more
fluid interface and lower interfacial viscosity [Taghavifar (2014)]. Thus, the time needed
for crude oil/surfactant/brine mixtures to reach thermodynamic equilibrium decreases
dramatically when co-solvent is added to the mixture (higher coalescence rate). Without
co-solvents in the chemical formulation, no minimum in droplet diameter was observe at

the formulation approached optimum salinity/condition.
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Fig. 3.9: Average droplet diameter of two emulsions prepared with (left) and without

(right) co-solvent (n-Pentanol). Figures obtained from Tolosa et al. (2006)

Perez et al. (2002) observed that, along with minimum in average particle
diameter, a bimodal droplet size distribution formed a small distance from the optimum
conditions when alcohol was used with a surfactant. dos Santos et al. (2011) also
recently reported that the addition of light/medium alcohol co-solvents to surfactants
resulted in a bimodal distribution of emulsion droplets. Thus, to form concentrated
emulsions with high ¢,,, emulsions should be prepared with optimized chemical
formulations containing a co-solvent near the optimum conditions. We expanded upon
the observations of both Perez et al. (2002) and dos Santos et al. (2011) and quantified
the effects of co-solvent, surfactant, electrolyte, and crude oil on the particle size
distribution, represented by ¢,,, with a simplified one-step mixing process instead of
mixing multiple unimodal emulsions of varying ds> and combining them at an optimal
ratio to generate bimodal/trimodal emulsions. The characterization of multimodal
concentrated emulsions in terms of ¢,, when prepared with the one-step chemical
formulation approach similar to chemical EOR phase behavior scans, has not previously

been published .
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3.4 RESULTS AND DISCUSSIONS

Photomicrographs of two 80% Oil D emulsions as wells as the particle size

distributions of the two emulsions are shown in Fig. 3.10.
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Fig. 3.10:  Photomicrographs of 80% Oil D emulsions: (a) d3>=14.4 um, ¢n=0.68, and
aqueous composition (1.6% Ph15EQO, 0.2% NaOH, 0% NacCl); (b) d3>=14.1 um, ¢n=0.78,
and aqueous composition (1.6% Ph15EO, 0.2% NaOH, 1% NaCl). Volume probability
density function of the emulsion samples measured with the static light scattering
equipment: (c) Emulsion sample from Fig. 3.10a; (d) Emulsion sample from Fig. 3.10b

The only difference between the two emulsions is the NaCl concentration of 0% and 1%.
The photomicrograph of the emulsion sample with 0% NaCl (Fig. 3.10a), showed a

unimodal droplet size distribution and spherical droplet shapes with the bigger droplets,

showing a slight deformation under static conditions, reflected by a low ¢m value
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(pm=0.68). The photomicrograph of the emulsion sample with 1% NaCl (Fig. 3.10b),
showed a multimodal droplet size distribution with no observable deformation of the
droplets, reflected by a higher ¢m value (¢m =0.78). Fig. 3.10b shows that the smaller
droplets surround the bigger droplets. We have observed that emulsion samples with
¢m>0.75 do not cause significant deformation of the oil droplets under static conditions
when ¢=0.8. Visual inspection of the emulsion droplet size distributions from the
photomicrographs (Fig. 3.10a-b) agrees with the droplet size distribution measurements

from the Malvern Mastersizer 2000/3000 (Fig. 3.10c-d).

3.4.1 Effect of Mixing Conditions (mixing speed, frequency, and temperature)

The conditions that we used to prepare the emulsions were varied to observe the
effects of mixing temperature, speed, and duration on the particle size distributions. The
modified capillary number (Ca) has been shown to control the mechanism of droplet
breakup and droplet diameter for concentrated emulsions [Jansen et al. (2001)].

Ca = pemuVR/T 3.7)

where pemul IS the viscosity of the emulsion at the mixing shear rate, y the shear rate of
mixing, R the radius of droplets, and I" the interfacial tension. The Grace Curve and the
concept of a critical capillary number (Cacritica) VS A=Md/pemuision has been used to
accurately predict if droplets in a concentrated emulsion will break apart into smaller
droplets or not [Grace (1982); Jansen et al. (2001)]. If Cacritical i above the Grace Curve,
the droplet will break apart into smaller droplets and a new, smaller Cacriticar Value is

obtained because of a smaller droplet radius.
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Fig. 3.11:  Cacit vs. the A for emulsions of varying dispersed phase concentration. The
grey solid line is the Grace curve. Obtained from Jansen et al. (2001)

The key limitation of the Grace Curve and Cacriticat IS the assumption of a very slow
coalescence rate. Average droplet diameters from Fig. 3.9 with no co-solvent (right) are
accurately described with Fig. 3.11 but not Fig. 3.9 with co-solvent (left) because of fast
coalescence rate. Table 3.7 is created according to Eq. 3.7 which shows how the mixing

conditions affect Ca and A.

Table 3.7:  How the mixing conditions affect the Ca and A assuming constant R

Hemui }’ r Ha Ca A
Higher Mixing Temperature l ? l l ? ?
Higher Mixing Speed (rpm) l T N/A N/A T l

Higher Mixing frequency (min/mix) N/A N/A N/A N/A N/A  N/A

Mixing Speed

While not the focus of this dissertation, we conducted a brief study of mixing
speed on the particle size distribution of concentrated emulsions. Data in the literature
[Ahmed et al. (1999b); Jansen et al. (2001); Perez et al. (2002); Tolosa et al. (2006)]

agree that higher mixing speed always results in a smaller average droplet diameter as
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well as the analysis in Table 3.7. The capillary number analysis showed that, with the
shear-thinning behavior of a concentrated emulsion viscosity (n=0.5) [Foudazi et al.
(2012); Meeker et al. (2004); Seth et al. (2011)], a 2-orders-of-magnitude change in y (1-
100 s?) resulted in only a 1-order-of-magnitude change in Ca (Ca(y=100s™)/Ca(y=1s"?) =
~10) and a 1-order-of-magnitude changed in A (A (y=100s?)/ A (y=1st) = ~10). The
effect of y on ds2 is dampened because of the shear-thinning behavior of concentrated

emulsions.

Mixing Temperature

Fig. 3.12 depicts the effects of mixing temperature on the ¢,,, and ds> values of

80% Oil B emulsions with two different chemical formulations.
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Fig. 3.12:  (a) ds2 of the entire lognormal distribution (primary axis) and ¢,,, (secondary
axis) of emulsions made from 80% oil B and 20% aqueous solution (0.4% NaCl and
0.2% NaOH) vs the mixing temperature of the samples hand-shaken for 10 s every 30
min for 4 h. (b) d32 of the entire lognormal distribution (primary axis) and ¢,, (secondary
axis) of emulsions made from 80% oil B and 20% aqueous solution (1.6% phenol-15EQO,
0.4% NaCl and 0.2% NaOH) vs the mixing temperature of the samples hand-shaken for
10 s every 30 min for 4 h. O/W stands for oil-in-water emulsions, and pH =9.14-9.16. In
both panels, the lines are present only to guide the eyes.
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While the mixing temperature and speed significantly impacts ds» as other researchers
have noted, we also observed that the addition of co-solvent influenced how the mixing
conditions affected ds» as well as ¢,,. In Fig. 3.12a, the ¢,, value of the emulsions
prepared without co-solvent showed no dependence on the mixing temperature within the
experimental uncertainty for the range of temperatures tested. The ds. value of the
emulsions increased as the mixing temperature increased. In Fig. 3.12b, the emulsions
with co-solvent showed a decreasing trend of ¢,, from 0.87 to 0.74 and a decreasing
trend of ds> from 38.5 to 25 um with increasing mixing temperature. The change in ds2
cannot be explained with only the capillary number concept, because of the change in
©m, Which indicates change in the coalescence rate. The samples prepared at 60-68°C
with co-solvents showed the lowest viscosity based on visual observations, which can be
explained by the highest ¢,, and ds> values.

The change in dz2 and ¢,,, with mixing temperature (Fig. 3.12b) is also caused by
the change in the interfacial properties of the emulsions, depending on EO number of the
co-solvents. Ethoxylated co-solvents are less hydrophilic at high temperature. For
example, the water solubility of phenol-15EO co-solvent decreases as the temperature
increases, because of decreasing interaction between the EO chain and water molecules at
higher temperature.  This behavior of ethoxylated co-solvents is very similar to the
temperature sensitive interfacial tensions property of nonionic surfactants. It also means
that at higher mixing temperature, the interfacial tension of O/W emulsions with co-
solvents are lower compared to the lower transport/test temperature (room temperature).
Thus, it is extremely difficult to predict how mixing temperature affect the droplet size
distribution of concentrated emulsions prepared with optimized chemical formulation.
All emulsion samples in Fig. 3.12 were best modeled by bimodal/trimodal log-normal

distributions.
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Mixing Frequency

We explored the effects of the frequency of mixing on the parameters ¢,, and ds»

of emulsions, as illustrated in Fig. 3.13.
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Fig. 3.13:  The ds» of the entire lognormal distribution (primary axis) and ¢,,
(secondary axis) of emulsions made from 80% oil B and 20% aqueous solution (1.6%
phenol-15EO, 0.4% NaCl and 0.2% NaOH) vs. the frequency of the sample mixing.
Frequency of mixing at 10 minutes means the sample was mixed for 10 seconds every 10
minutes over a period of 4 hours at 96°C.

As stated in Table 3.7, mixing frequency doesn’t affect any of the critical capillary
number variables significantly. What is affected by mixing frequency is the competition
between mixing, which results in smaller droplets, and coalescence, which results in
bigger droplets. Mixing the samples more frequently resulted in the same ¢,,, values
within experimental uncertainty and a smaller ds> when the mixing frequency was <30
min/mix. This suggests that the effect of interfacial tension (mixing) is dominant at

mixing frequencies of <30 min/mix and the effect of coalescence is dominant at mixing
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frequencies of >30 min/mix. With high coalescence rates, the particle size distribution of
concentrated emulsions should be relatively insensitive to mixing speed. To illustrate
this, the effect of mixing speed was observed by making optimized emulsions from 80%
Oil B and 20% of an aqueous phase with 1.6% phenol-15EO, 0.2% NaOH, and 1.4%
NaCl. The emulsions are very close to inversion salinity of O/W to W/O emulsions
where coalescence rate is high. The emulsions were mixed at 60 °C by gently tilting the
sample vial upside down (~1-10 s™) and by vigorously shaking (~100-1,000 s?) the
samples for 10s every 30min for 4h. Both procedures resulted in values of dz>=15+0.2 um
and ¢,,=0.8+0.01.

Using optimized co-solvents and the preparation procedure described in this study

helped us achieve our goal of polydisperse emulsions with higher values of ¢,,.

3.4.2 Effect of Heavy Crude Oil Types

Concentrated oil-in-water emulsions with ¢=0.8 were prepared using the same
aqueous formulation with four heavy crude oils (Table 3.2). The particle size distribution
of the four heavy oils are shown in Fig. 3.12 for an aqueous formulation with 1.6%

phenol-15E0, 0.2% NaOH, and 0.8% NacCl.

69



0.05 ——rrr ———rr ——rr

Qil A |1

[ J
A
0.04 m

S

2

[/2] N

S 003

fa

>

=

a |

8 ooz

)

L.

o

0.01

Diameter (lum)

Fig.3.14: Log-normal distribution fitting of particle size distribution of emulsions
prepared with 80% oil and 20% aqueous solution (1.6% phenol-15EO, 0.8% NaCl, 0.2%
NaOH). Volume probability density (volume fraction/diameter vs. diameter) is plotted.

All four oils formed bimodal/trimodal distributions and the ¢,,, values of all four samples
were ~0.77+£0.02 (see Appendix for fitting parameter). Although the same aqueous
formulation was used for the heavy crude oils, the droplet size distributions of the
emulsions, as well as the ds> values, showed some noticeable differences. The viscosity
of the heavy oils varied over a range of ~100-400 mPa-s at a mixing temperature of 95°C
(see Fig. 3.1). Oil A with the highest viscosity showed the largest ds> value, while Oil D
with the lowest viscosity showed the lowest d32 value, Oils B and C had similar
viscosities and dz. values.

Fig. 3.15 depicts the ds2 and ¢,,, values of 80% oil emulsions with phenol-15EO

co-solvent concentrations of 0-3.2% in the aqueous phase for the same four heavy oils.
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Fig. 3.15:  (a) d32 and (b) ¢, of the entire lognormal distribution of emulsions made

from 80% oil and 20% aqueous solution (0.8% NaCl, 0.2% NaOH, and 0-3.2% phenol-
15EO) vs the weight percentage of phenol-15EO in the aqueous solution. The sample
was mixed for 10 s every 30 min over a period of 4 h at 96°C. (In both panels, O/W and
W/O stand for oil-in-water and water-in-oil emulsions, respectively. The lines are
present only to guide the eyes.)

Oils A, B, and D showed a strong dependence on phenol-15EQ concentration. Higher
phenol-15EO concentrations resulted in lower ds2 and ¢, values until a plateau is
reached, while Oil C showed negligible changes in dz2 and slightly higher ¢,,, values for
the range of phenol-15EO concentration tested. The difference observed is most likely a
property of the soap generated by each oil. The soap generated from Oil C is
significantly more hydrophilic and, thus, is further away from the inversion point of O/W
to W/O, compared to the other three oils. Oils A and B are very close to the inversion
point with 0% phenol-15E0O, while Qil C can tolerate a further increase of ~0.4% NaCl to
1.2% NaCl before the emulsion inverts to W/O. W/O emulsions formed with Oil D until
the concentration of phenol-15EO exceeded 0.8%. Two significant observations about
the ¢,, values of concentrated emulsions can be made from Fig. 3.15b. First, ¢,,
increased as the emulsion approached the inversion point of O/W to W/O without

inverting but showed extremely high ds» values and visual observation of the samples
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showed worse stability, compared to the emulsions with co-solvents. Second, ¢,,
decreased with increasing phenol-15EO concentration, except for a bump in the ¢,, value
observed at a specific phenol-15EO concentration. The amplitude and the position of the
bumps on Fig. 3.10b appear to vary, based on the composition of the heavy oil, but
collapse into one curve with similar trends when normalized to the inversion point with

the bumps appearing at ~2.5% phenol-15EO from the inversion point.

3.4.3 Effect of Co-solvent Types and Co-solvent Concentrations

Co-solvents are frequently mixed with surfactants to develop optimum chemical
formulations for chemical enhanced oil recovery [Sahni et al. (2010)]. The most
common types of co-solvents used for EOR are small-chain alcohols (six carbons or less).
Faster equilibration time, which is directly related to the rate of coalescence, lower
microemulsion viscosity, low IFT over a wider range of salinity, improved solubility of
the surfactants at optimum salinity, and a more favorable activity diagram are some of the
benefits of using co-solvents to make microemulsions used for EOR [Chang (2014);
Fortenberry et al. (2013); Taghavifar (2014)]. The literature on the effect of co-solvents
on the droplet size distribution and rheological properties of concentrated O/W emulsions
is limited. dos Santos et al. (2014), (2011) observed that the addition of medium straight-
chain alcohols to concentrated heavy oil emulsions led to a sharp decrease in ds2 and the
formation of bimodal emulsions, compared to unimodal emulsions without any alcohols
and had a direct impact on the emulsions’ stability and apparent viscosity. However, as
shown below, the co-solvent type and concentration can be used to great advantage to
optimize the emulsion properties.

The droplet size of emulsions is dictated by a dynamic equilibrium between two

opposite phenomena: breakup and coalescence of the droplets [Coulaloglou and
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Tavlarides (1976)]. Thus, any process that affects the droplet breakup and coalescence of
emulsions results in variation in the value of ds>. For phase behavior studies of crude oil-
surfactant-water mixtures, it was found that the coalescence rate was the highest with the
type Il microemulsions at ultralow IFT under optimum conditions. Thus, as the
chemical formulation approaches the optimum formulation, with respect to electrolyte,
temperature, co-solvent, or surfactant, competition occurs between decreasing interfacial
tension that generates smaller droplets and increasing rate of coalescence that generates
bigger droplets, resulting in a minimum in ds, and a multimodal droplet size distribution
near the optimum [Tolosa et al. (2006)].

Fig. 3.16 shows the effects of various co-solvents on the ds> and ¢, values of

80% Oil B emulsions.
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Fig.3.16: (a) d32 and (b) ¢,, of the entire lognormal distribution of emulsions made
from 80% oil B and 20% aqueous solution (0.8% NaCl, 0.2% NaOH, and 0-2.4% co-
solvent) vs the weight percentage of co-solvent in the aqueous solution. (In both panels,
the co-solvents are phenol-1PO-5EQ, phenol-6EO, IBA-15EQO, and phenol-15EO from
the least hydrophilic to most hydrophilic as indicated by in direction of the arrow. The
sample was mixed for 10 s every 30 min over a period of 4 h at 96°C. The lines are
present only to guide the eyes.)

A similar trend of decreasing and plateauing of ds. is observed for all co-solvents, with

some co-solvents showing slightly increasing ds2 at high co-solvent concentrations. The
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amplitude and concentration of the co-solvent at which the bump in ¢, is observed
showed a dependence on the co-solvent structure. At any co-solvent concentration, ds»
and ¢, correlate inversely with the hydrophilicity of the co-solvents with the least
hydrophilic co-solvent (phenol-1PO-5EO) showing the highest ds» and ¢,, values and the
most hydrophilic co-solvents (phenol-15EQO) showing the lowest d3. and ¢,,, values. The
bump in ¢,, is observed because of changing di/ds and ¢ /(¢ + ¢;) caused by the co-
solvent concentration. The bumps in ¢,, shown on Fig. 3.16b happened to coincide with
the maximum ¢,,, observed at the optimum ¢,/(¢s + @) shown in Fig. 3.7 for the
du/ds. The bumps are observed at ~0.75% phenol-1PO-5EQO, ~1.5% IBA-15EQ, and
~2.5% phenol-6EO and phenol-15EO.  Co-solvents of varying structures and

concentrations can be used to optimize the values of ds2 and ¢,,,.

3.4.4 Effect of Electrolytes

A decreasing trend in ds> as the NaCl concentration increased was observed until
the O/W to W/O transition point. This trend is consistent with the data reported in the
literature [Acevedo et al. (2001); dos Santos et al. (2011); Gutierrez et al. (2003)].  Fig.
3.17 shows NaCl scans of 80% Oil B emulsions with 0 and 1.6% phenol-15EO.
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Fig. 3.17:  ds2 of the entire log-normal distribution (primary axis) and ¢,, (secondary
axis) of emulsions made from 80% oil B and 20% aqueous solution (0-0.8% NaCl, 0.2%
NaOH, and 0 & 1.6% phenol-15EO) vs the weight percentage of NaCl in the aqueous
solution. (The sample was mixed for 10 s every 30 min over a period of 4 h at 96°C. pH
=9.9-10.1 for all emulsion samples. The lines are present only to guide the eyes.)

The addition of co-solvent increased the salinity where the emulsion inverted from ~1%
NaCl with 0% phenol-15EO to ~1.7% NaCl with 1.6% phenol-15EO. Thus, co-solvents
with different hydrophilicity can be used to tune the chemical formulation to the available
water sources with different salinities. ¢g/(¢@s + ¢;) increased as the NaCl increased
for emulsions with 1.6% phenol-15EO with the optimum ¢./(@s + @) and @,
observed near the O/W to W/O transition salinity (Fig. 3.7). The dsz of the emulsion with
no co-solvent showed a very high value of ~80 um, compared to ~32 um for the
emulsion with co-solvent near the transition point. The emulsion with no co-solvent near

the inversion point showed poor stability.

75



Since the Na* counterion is provided by both the alkali and the electrolyte, a better
method of analyzing the effect of electrolytes with varying alkali concentration is to plot
the ds2 and ¢,,,/ @m0 Of emulsions versus the total Na* concentration normalized to the
Na* concentration at the O/W to W/O inversion point, Nainversion’, instead of the NaCl
concentration (Fig. 3.18). @m, is the gm at the lowest salinity (highest IFT) where the @m

is relatively constant.
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Fig. 3.18:  (a) d32 and (b) @,/@m o of the entire lognormal distribution of emulsion
made from 80% oil and 20% aqueous solution (0.2/0.4/0.6% NaOH, and 1.6% phenol-
15EO) vs Na“/Na"inversion in the aqueous solution. NaCl was used to vary the Na*. Oil A
emulsions were prepared with 0.2% NaOH and 3% phenol-15EO. ¢, ,=0.755, 0.73, and
0.685 for oils A, B, and D respectively. (The sample was mixed for 10 s every 30 min
over a period of 4 h at 96°C. pH = 9.9-10.1 for 0.2% NaOH, 10.3-10.5 for 0.4% NaOH
and 10.9-11.1 for 0.6% NaOH for oil B emulsions. The lines are present only to guide
the eyes.)

The effect of Na* seems to be dependent on the concentration of NaOH, which controls
the quantity of soap generated from the heavy oil. The ds2 values of the 0.2%, 0.4%, and
0.6% NaOH Oil B emulsions showed a minimum in ds> as the Na* increased. The ds»
values of all emulsions made using Oil B appear to be converging to the same value near
the transition point. Emulsions made with Oils A and D showed similar trends,

suggesting that the one-step preparation method used in this study is applicable to a
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variety of heavy oils with different compositions and viscosities. Note that Oil A
emulsions required 3% instead of 1.6% phenol-15EO in Fig. 3.16 to observe ¢,, going
through a maximum since 1.6% phenol-15EO was not sufficient to increase the
coalescence rate of the oil/aqueous mixture. The ¢, of all emulsions with varying
NaOH concentration increased as the Na" increased with ¢,, going through a maximum
until converging to the same ¢,, value just near the transition point. The effect of Na* on
ds> and ¢, seems to be amplified when the surfactant concentration is increased via
higher NaOH concentration.  The maximum ¢,, value is observed at ~0.75

Na*/Nainversion. The effects of alkali are further explored in the next section.

3.4.5 Effect of Alkali Type and Alkali Concentrations

Alkalis such as NaOH, Na;CO3z, and NaBO; perform two functions: (1) increase
the pH and (2) increase the electrolyte concentration. Acevedo et al. (2001) discussed the
mechanism of naphthenic acid deprotonation from active crude oils. They showed that
the quantity of carboxylate ions generated is a function of the pH, with increasing pH
resulting in higher carboxylate ion concentration at the interface, thus resulting in lower
interfacial tension and smaller ds> of O/W emulsions [Acevedo et al. (2001); dos Santos
et al. (2011); Verzaro et al. (2002)]. Fig. 3.19 shows the pH of alkali at various

concentrations in water.
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Fig. 3.19:  The pH of various alkali in DI water vs. the alkali concentration.
The emulsions with various alkali and alkali concentrations are compared on the Na*

basis in Fig. 3.20.
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Fig. 3.20:  (a) d32 and (b) ¢,,, of the entire log-normal distribution of emulsions made
from 80% oil B and 20% aqueous solution (0.8% NaCl, alkali, and 1.6% phenol-15EQO)
vs the weight percentage of N in the aqueous solution. (In both panels, the sample was
mixed for 10 s every 30 min over a period of 4 h at 96°C.)
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The scan of NaOH from 0.1%-0.7% showed that ds» decreased and ¢,/@s + ¢,
increased as the NaOH concentration increased. This resulted in higher ¢,, values, with
the higheste,, value of ~0.93 being observed with 0.7% NaOH, which is just below the
transition salinity of 0.8% NaOH. These trends are in agreement with the effect of
electrolyte concentration described in Section 3.4.4, except for the lower ds» values
observed at high NaOH concentration. Higher-concentration NaOH emulsions also
generated trimodal distributions with a significant volume fraction of particles showing
particle diameters of <lum. The scan of Na,COs from 0.2%-1.0% showed that the dz.
decreased and passed through a minimum before increasing as the concentration of
Na.COs increased. The ¢,, value of the Na,COgz scan showed an increasing trend as the
Na>COs concentration increased and reached the optimum ¢/ (@, + ¢;) value at 0.9%
Na>COs, as observed by the bump in ¢,,, which is similar to the bumps observed in the
co-solvent scans in Fig. 3.16b. NaBO emulsions showed behaviors similar to that of the
Na.CO3 emulsions.

No conclusive results about the effect of varying alkali/pH on ds2 and ¢,,, were
found within the experimental uncertainty, suggesting that, if enough alkali is present to
generate enough soap to create stable emulsions, the type of alkali used does not affect

the droplet size distributions of concentrated emulsions significantly.

3.4.6 Effect of Ethoxylated Amines as Both a Co-solvent and Alkali

Amines, with a pH of 11.5-12.5, depending on the amine type and concentration,
have been utilized successfully as organic alkaline agents in place of inorganic alkalis
such as NaOH and Na,COs to emulsify and stabilize acidic heavy O/W emulsions
[Gutierrez et al. (2003)]. Some fraction of the amines gain a positive charge and

contribute as counterions to the anionic surfactants, as well as increase the pH of the
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aqueous solution, as is the case with traditional inorganic alkalis. Alkyl amines are
attractive because the chemical formulation containing an alkali and a co-solvent would
be reduced to just one chemical, since alkyl amines function as both a co-solvent and an
alkali. Also, alkyl amines have been used as effective steel corrosion inhibitors at low
concentrations [Rihan et al. (2014)]. However, the combined effects of alkyl amines as
alkalis, electrolyte, and co-solvent on the droplets size distribution has not been
investigated until this study.

As shown in Fig. 3.17, the inversion point increased from ~1% to ~1.75% NaCl
when 1.6% phenol-15EO co-solvent was added to the formulation. The increase in
salinity shows that the co-solvent made the formulation more hydrophilic. With 1.0%
DIPA-15EO in the formulation shown in Fig. 3.21, the transition point decreased to
~0.4% NaCl from ~1% NaCl with 0.2% NaOH and no co-solvent. With 2.2% DIPA-

15EO in the formulation, the transition point decreased from ~1% NaCl to ~0.8% NacCl.
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Fig. 3.21:  ds2 of the entire log-normal distribution (primary axis) and ¢,,, (secondary
axis) of emulsions made from 80% oil B and 20% aqueous solution (up to 3.2% DIPA-
15EO, 0.4 & 0.8% NaCl) vs. the weight percentage of DIPA-15EO in the aqueous
solution. (The sample was mixed for 10 s every 30 min over a period of 4 h at 96°C. The
lines are present only to guide the eyes.)

As shown in Fig. 3.21 for 0.4% NaCl, an almost constant value of ¢,, = 0.72 +
0.01 was observed for the range of DIPA-15EQO concentrations tested. The low value of
@ Observed is due to the unimodal droplet size distribution of the emulsions. The
results in Fig. 3.21 for 0.8% NaCl show a bimodal droplet size distribution, with ¢,,, =
0.79 +0.01 over the entire range of DIPA-15EO concentrations tested. A possible
explanation for the constant ¢,, observed with DIPA-15EO, compared to the other co-
solvents, could be that the soaps with bulky DIPA counterion interfer with the packing of
surfactants, compared to Na* soaps [Gutierrez et al. (2003)]. The high ds2 values and

lack of fine droplets for the emulsions shown in Fig. 3.21 support this interpretation. The
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parameter ds»> followed the same decreasing trend observed in Fig. 3.16a as the

formulation progressed further away from the transition point of O/W to W/O.

3.4.6 Co-solvent/Soap versus Nonionic Surfactant

Octylphenol/nonylphenol ethoxylates are common nonionic surfactants used to
prepare oil-in-water emulsions [Abdurahman et al. (2012); Ahmed et al. (1999a);
Ashrafizadeh and Kamran (2010); dos Santos et al. (2014), (2011); Hasan et al. (2010);
Meeker et al. (2004); Nufiez et al. (1996); Nufiez et al. (2000); Pal (2006), (1996);
Romero et al. (2002), (2000); Seth et al. (2012)]. Nonylphenol-12EO was used as a
reference point, compared to 80% oil emulsions prepared with the method described in
Section 3.2.2. The particle size distributions of emulsions made with and without
nonylphenol-12EO were compared. The cloud point of nonylphenol-12EO is 78 °C.
Therefore, the emulsions with nonylphenol-12EO were prepared at 75 °C. The 80% Oil
B emulsions prepared with only nonylphenol-12EO required an aqueous concentration of
>1.5% to create stable emulsions that did not phase separate for times greater than 1 day.
¢,»,=0.81 and d3>=102 um were obtained with 1.5% nonylphenol-12EO, suggesting that a
much higher concentration than 1.5% is needed to create stable concentrated emulsions
since the IFT is much higher for emulsions made using only nonylphenol-12EO (as seen
by very high dz> values) than for emulsions made using the anionic surfactants used in
this study.

A scan of over 100 surfactants and surfactant combinations have been tested with
the preparation of O/W emulsions [Wylde et al. (2012)], as well as combinations of
nonionic and anionic surfactants [Ahmed et al. (1999a); Zaki et al. (2001)], to explore the
effects of surfactant types on emulsion viscosity and stability. However, only a brief

mention of how the combination of nonionic/natural surfactants and anionic/natural
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surfactant at various mass ratios affected the ds» of emulsions has been published [Zaki et
al. (2001)]. We explored the idea further.
Synergy between nonionic surfactants and soaps was tested, and the results are

shown in Fig. 3.22.
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Fig. 3.22:  ds; of the entire log-normal distribution (primary axis) and ¢,, (secondary
axis) of emulsions made from 80% oil B and 20% aqueous solution (0.25-1.5% NPE-
12EO, 0.8% NaCl, 0.2% NaOH, 0 & 1.6% phenol-15EO) vs the weight percenrage of
NPE-12EO in the aqueous solution. (The sample was mixed for 10 s every 30 min over a
period of 4 h at 75°C. The lines are present only to guide the eyes.)

The mixture of NPE-12EO + phenol-15EQ increased the cloud point (>95 °C). As shown
in Fig. 3.22, the addition of nonionic surfactant to the chemical formulation without co-
solvent decreased the ds. value of droplets as the NPE-12EO concentration was increased
while an almost constant value of ¢,, = 0.70 was obtained at low NPE-12EO

concentration, but ¢,, increased sharply to 0.86 at 1.5% NPE-12EO. The high value of
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@m at high NPE-12EO concentration seems to be due to the shifting of the transition
point of O/W to W/O as the concentration of NPE-12EO increased. The behavior of
emulsions with 1.6% phenol-15EO shown in Fig. 3.22 supports this interpretation of the
data. When the chemical formulation was made more hydrophilic by adding phenol-
15EO, ¢,, remained relatively constant at 0.8 for the entire range of NPE-12EO

concentration tested.

3.5 CONCLUSIONS

A new chemical formulation method was used to prepare polydisperse bimodal
and trimodal concentrated heavy oil-in-water (O/W) emulsions (high oil content). This
chemical formulation approach is similar to the well-known method used to optimize
microemulsions used for enhanced oil recovery, but with several significant differences.
Several novel co-solvents were used, in addition to the more commonly used surfactants
and alkalis. This is the first time that the ¢,, of emulsions prepared with this new
chemical formulation method have been characterized. Stable emulsions with broad
bimodal and trimodal particle size distributions were achieved with a maximum packing
parameter (¢,,) as high as 0.95 and a larger Sauter mean diameter in the range of dz; =
10-50 um. These emulsions were prepared using a new one-step mixing procedure.
Three conditions were found to be necessary for emulsions with these characteristics: (1)
a low interfacial tension; (2) a fast coalescence rate, and (3) sufficient amounts of
interfacially active chemicals (surfactants). The conditions needed for polydisperse heavy
O/W emulsions occur at ~75% of the Na* concentration required for oil-in-water to
water-in-oil (O/W to W/O) inversion point, with ¢,, going through a maximum as a scan
of electrolyte concentration in the presence of alkali only with the addition of a sufficient

quantity of co-solvents. These results show that ethoxylated co-solvents such as phenol-
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nEO and IBA-nEO interact favorably with heavy oils and perform better at disrupting the
ordered packing of naphthenic soaps than small alcohols that were used as co-solvents in
previous studies by other investigators. Concentrated heavy oil emulsions with ¢, >
0.90 exhibited significantly lower viscosity, compared to unimodal emulsions with ¢,,, <
0.75. This is essential for the transport of heavy oil emulsions in pipelines.

Millions of combinations of surfactants, co-solvents, alkali, and electrolytes over
a wide range of concentrations can be used to make heavy oil emulsions using different
preparation methods and variables. Most of these emulsions do not have the desired
properties for emulsion transport.  For the purposes of this study, it was essential to
develop a systematic procedure for selecting and testing the best chemical formulations.
Concentrated (¢>0.64) heavy O/W emulsions with ¢, values as high as 0.95 were
prepared in a simplified one-step mixing process by optimizing the particle size
distribution based on fundamental principles of interfacial activity and rheology. The
viscosity of multimodal concentrated emulsions (¢,, > 0.85) prepared with our method
showed comparable, if not lower, viscosity than the heavy oil emulsions prepared via the
common two-step process (mixing two unimodal emulsions) reported in the literature.
Extensive rheological characterization of the optimized emulsions prepared by this

method is presented in Chapters 5 and 6.
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NOMENCLATURE

Ca Capillary number

E” Contact modulus

Ue Continuous-phase viscosity

Cacritical Critical capillary number at which droplet breakup occurs

d, Diameter of the group of droplets with larger d5, in a bimodal/binary

mixture

dg Diameter of the group of droplets with smaller d5, in a bimodal/binary

mixture

Uy Dispersed-phase viscosity

1) Dispersed-phase volume fraction of emulsions

R Droplet radius

Hemul Emulsion viscosity

op Glass transition point

r Interfacial tension (IFT)

Om Maximum packing volume fraction (¢,,,) of dispersed-phase possible
without deformation of the spherical dispersed-phase

Pmo Maximum packing volume fraction (¢,,) at the low salinity (high
interfacial tension) where the ¢,,, doesn’t vary much as a function of
salinity

psat Maximum packing volume fraction (¢,,) of saturated non-interacting

spheres of n monodisperse size groups
o Natural logarithm standard deviation of droplet diameter
U Natural logarithm mean diameter of droplets
d Mean diameter of droplets within a bin width from histogram data
n Number of non-interacting monodisperse size groups
k Numerical coefficient

fo Probability density function of volume

Orep Random close packing of monodisperse, hard spheres

Orip Random loose packing of monodisperse, hard spheres

A Ratio of dispersed-phase viscosity to emulsion viscosity, puq/temuision
Uy Ratio of emulsion viscosity to u,

K Ratio of u, to u,

ds, Sauter mean droplet diameter

G Shear modulus

y Shear rate

14 Strain

Yy Critical strain

T Shear stress

QL Volume fraction of the group of droplets with larger d5, in a

bimodal/binary mixture with respect to the total dispersed-phase volume
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ASP
EOR
EO
HIPR
Oo/W
PO
Na*

+. .
Na“inversion

W/O

Volume fraction of the group of droplets with smaller d5, in a
bimodal/binary mixture with respect to the total dispersed-phase volume
Volume fraction of smaller droplet volume to total droplet volume,
os/(@L+ @s)

Volume-weighed mean diameter

Yield stress

ABBREVIATIONS

Alkali surfactant polymer

Enhanced oil recovery

Ethylene oxide

High internal phase ratio

Oil-in-water

Propylene oxide

Sodium concentration in wt. % in aqueous solution

Sodium concentration in wt. % in aqueous solution at the O/W to W/O
transition sodium concentration

Water-in-oil
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Chapter 4: Interdroplet Interaction between Heavy Qil Droplets in
Heavy Oil-in-Water Emulsions

4.1 INTRODUCTION

The term “soft matter” describes materials that display both solid-like properties
and liquid-like properties. Concentrated heavy oil-in-water emulsions, like many other
concentrated colloidal suspensions, fall into the category of “soft matter” based on the
presence of a yield stress. Soft matter can be categorized into two sub-category, a soft-

glass or gel. Fig. 4.1 shows illustrations of soft-glass and gel materials.

&

cluster or
‘fractal’

Fig. 4.1: Cartoon illustrations of soft matter microstructure: Soft-glass and gel
[Stokes and Frith (2008)]

A gel is generally a material with an interconnected network of the dispersed-phase. The
percolating structure causes the solid-like properties, which can be observed at much
lower value than the maximum packing fraction (¢,,) of the dispersed-phase. The
percolating structure arises due to the attractive interactions between the dispersed-phase
droplets. The solid-like properties of a soft-glass primarily arises from caging effects
observed at high volume fraction of the soft dispersed-phase above the maximum packing
fraction, ¢,,. A soft-glass can further be categorized into two sub-categories, attractive
and repulsive. A repulsive soft-glass is a soft-glass with repulsive interaction between
the dispersed-phase droplets. An attractive soft-glass is a soft matter that contains

elements of both a soft glass and gel; a material with high dispersed-phase concentration
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that forms interconnected, percolating structures. The percolating structures are caused

by both the attractive interactions between the dispersed-phase droplets and caging effect

Yoli
Matter
|

[ \
Attractive Repulsive
Interaction @ Interaction
Jl Attractive L Repulsive

P > Pm Soft Glass | Soft Glass

Fig. 4.2: Classification of soft matter materials based on dispersed-phase
concentration and interdroplet interaction

of high dispersed-phase concentration.

The rheological models of colloidal suspensions mentioned in Chapter 2 are
derived with the assumption of repulsive or no interactions between the dispersed-phase
particles/droplets. An attractive interaction between the dispersed-phase
particles/droplets results in a deviation of the rheological behavior modeled by the
equations in Chapter 2. Yield stress and shear thinning behavior, not usually observed
with repulsive colloidal suspensions for ¢ < ¢,,, have been observed with attractive
colloidal suspensions below ¢ < ¢,, [Datta et al. (2011); Grenard et al. (2014); Laurati et
al. (2011)]. For concentrated colloidal suspensions, a change in the interparticle
interaction from repulsive to attractive while keeping everything else the same resulted in
a transition from a single-step yielding behavior (repulsive) to a two-step yielding

behavior (attractive) [Koumakis and Petekidis (2011); Pham et al. (2008)]. The Princen
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and Kiss equation (Eq. 2.7) and Seth’s micromechanical model (Eq. 2.12) assumed
repulsive interactions between droplets and cannot accurately model the rheological
properties of attractive soft glass materials.

Whether or not the rheological equations in Chapter 2 can be used accurately to
model the rheological properties of heavy O/W emulsions depend on the type of
interaction between the heavy oil droplets. Are heavy oil droplets in heavy oil-in-water

emulsions attractive or repulsive in nature?

4.2 PHOTOMICROGRAPHS OF HEAVY O/W EMULSIONS

Photomicrographs of heavy O/W emulsions can provide a variety of information
about the microstructures, interaction potentials, and particle size distribution of the
emulsions. It is important to note that the photomicrographs only provide information
about emulsions in static conditions. Fluorescent light microscope is an ideal piece of
equipment for taking photomicrographs of opaque samples. Photomicrographs of heavy

oil-in-water emulsions can be taken without dilution with a fluorescent light microscope.

4.2.1 Experimental Procedure

A fluorescent light microscope (Zeiss Axiovert) was used to take
photomicrographs of the emulsion samples. The samples were doped with a water-
soluble fluorescent dye, fluorescein. Fluorescein has a peak excitation at 494 nm and a
peak emission at 521 nm. Very low dye concentrations of fluorescein (10-20 ppm) were
used to minimize the effects of the dye on emulsion properties. Borosilicate chambered
coverglasses obtained from Thermo Scientific were used to contain the emulsion
samples. The 63x oil immersion objective was used to take the photomicrographs. The
photomicrographs provide visual evidence of the range of the emulsion droplet sizes for
each sample.
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Limitations of a light microscope:
1. Cannot identify objects smaller than the wavelength of the light (~500 nm).
2. Cannot focus on multiple objects with an order of magnitude difference in size at

the same time.

Fig. 4.3: A picture of the fluorescent light microscope (Zeiss Axiovert) used to take
the emulsion photomicrographs.

4.2.2 Photomicrographs

Photomicrographs of oil D emulsions prepared with 1.6% phenol-15EO, 0.2%
NaOH, and 0% NaCl with dispersed oil concentration of ¢=40-85% are shown in Fig.
4.4.
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ZO)ﬁlicrons 20 microns

Fig. 4.4: Microscope pictures of oil D in water emulsions (a) ¢=40% d43=11.9um
d32=6.1um @m=0.79, (b) ¢=50% d43=13.5um d3>=8.0pum em=0.78, (¢) p=60% d43=20.2um
d>=14.5um o¢m=0.80, (d) ¢©=70% ds3=22.2um d3»=16.4pm om=0.73, (e) ¢=80%
ds3=18.5um d3=15.6pym @m=0.69, (f) ¢=85% ds=19.1pm d3>=16.2pm @m=0.69.
Aqueous phase formulation (1.6% ph15EO 0.2% NaOH, 0% NaCl)
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Fig. 4.4 showed that an increasing emulsion ds; is observed as the oil
concentration ¢ increased from 40% to 85%. This can be explained by the higher ratio of
the mass of alkali per volume of oil available for emulsions with lower ¢ which generates
a larger quantity of natural surfactants from the heavy oil. Oil droplets begin to deform
away from the spherical shape for >80% oil D emulsions in Fig. 4.4 which coincided
with ¢ > ¢,,. Clear polyhedron shaped droplets are observed with 85% oil D emulsion
(Fig. 4.4f). The droplet size distribution of the emulsions in Fig. 4.4 appeared to be
relatively uniform with low polydispersity at high ¢.

The chemical formulation in Fig. 4.4 was modified according to the method
mentioned in Chapter 3 to achieve ~0.75 Na*/Na‘inersion in the aqueous formulation
where the highest ¢,, is observed. Na'inversion iS the sodium concentration needed to
invert the emulsion from O/W to W/O. This is at 1% NaCl. Fig. 4.5 shows the
photomicrographs of optimized oil D emulsions of varying ¢. The aqueous chemical

composition and measured ¢,,, and d3> values are listed in the figure descriptions.
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Fig. 4.5: Microscope pictures of oil D in water emulsions. (a) ¢=40% d43=2.9um
d32=1.9um ¢m=0.83, (b) »=50% d43=6.1um d32=4.8um em=0.76, (c) p=60% ds3=13.6um
d3»=9.2um o¢m=0.81, (d) ¢=70% ds=213um d3»=12.3um @m=0.81, (e) ©=80%
ds3=19.8um d3=14.1pm @m=0.76, (f) ¢=85% ds3=20.7um d3>=14.6pm @m=0.75.
Aqueous phase (1.6% ph15EO 0.2% NaOH, 1% NaCl)
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Compared to Fig. 4.4, Fig. 4.5 showed a significantly larger volume fraction of small oil
droplets, an indication of the multimodal droplet size distributions and high ¢,, values of
the emulsions. The smaller droplets are generated because of the lower interfacial
tension of the chemical formulation used to prepare the emulsions. The smaller droplets
appeared to surround the bigger droplets. Aggregating structures can be observed with
50-85% oil D emulsions (Fig. 4.5b-f) indicating attractive interaction between the oil
droplets. Hardly any deformation of spherical oil droplets are observed even up to 85%
oil D emulsion with the optimized formulation (Fig. 4.5f) unlike the emulsion with the
compressed droplets (Fig. 4.4f). The volume fraction of oil droplets in the emulsions in
Fig. 4.5 appeared to be a lot less than in Fig. 4.4. This is because it was not possible to
focus on both the very small droplets and large droplets in Fig. 4.5. Also, a thin layer of
liquid with lower concentration of oil droplets could have formed at the bottom of the
sample due to the gravitational migration of oil droplets to the top. Since the images are
taken at the bottom of the samples, artificially lower concentration of oil droplets could
be observed.

Similar observations are made with heavy oil A emulsions (Fig. 4.6) and oil B
emulsions (Fig. 4.7), suggesting the microstructures of heavy oil emulsions are similar
for most heavy oils when the chemical formulation used to prepare emulsions are the

same.
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Fig. 4.6: Microscope pictures of oil A in water emulsions. (a) ¢=20% d43=2.1um
d32=1.7um @m=0.71, (b) ¢=40% d43=1.6um dz»=1.4um @m=0.86, (¢) ¢=60% d43=6.4um
d3>=4.5um o@m=0.75, (d) ¢=80% d43=22um d3=15.9um ¢m=0.74. Aqueous phase
formulation (1.6% ph15EO 0.2% NaOH, 0.8% NaCl).
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Fig. 4.7: Microscope pictures of oil B in water emulsions. (a) ¢=20% ds3=3.4pm
d3>=2.7pum om=0.72, (b) 9=40% d43=3.2um d3>=2.3um @m=0.76, (c) p=60% d43=8.0um
d3>=5.1pym @m=0.78, (d) ¢=80% ds3=20.9um d3>=14.9um o¢m=0.77. Aqueous phase
formulation (1.6% ph15EO 0.2% NaOH, 0.8% NaCl).

At the edge of the chambered coverglass used to contain the emulsion samples for
photomicrography, a region with very low oil concentrations can be observed. With a
low oil concentration, a better visual inspection of the interdroplet interaction can be
made. This method is superior to the method of diluting heavy oil emulsions with the
aqueous phase used to prepare emulsions. Dilution may modify the heavy O/W emulsion
physicochemical properties (salinity, pH, surfactant concentration, soap concentration)
and may not be a good representation of concentrated emulsions. Fig. 4.8 shows the
photomicrographs of oil D emulsions, the same samples shown in Fig. 4.4, at the edge of

the coverglasses.
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Fig. 4.8: Microscope pictures of oil D in water emulsions. (a) ¢=40% d43=11.9pum
d3>=6.1pm em=0.79, (b) 9=50% d43=13.5pum d3>=8.0um em=0.78, (¢) p=60% d43=20.2um
d3>=14.5um o¢m=0.80, (d) ©=70% ds=222um d;=16.4pm em=0.73, (e¢) ©=80%
d43=18.5um ds3=15.6um o¢m=0.69, (f) ©=85% d43=19.1luym d3>=16.2um ©@m=0.69.
Aqueous phase formulation (1.6% ph15EO 0.2% NaOH, 0% NaCl). The pictures were
taken at the edge of the borosilicate chambered coverglass where a higher concentration
of water is observed.
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The photomicrographs of emulsion samples at the edge of the coverglasses
showed formation of aggregating structures due to the attractive interactions between the
oil droplets. An importance point to note is a slight deformation of spherical droplets at
the point of contact observed clearly in Fig. 4.8f. It appeared that the attractive strength
between large oil droplets are strong enough to deform the oil droplets at the point of
contact. Fig. 4.9 shows the photomicrographs of optimized oil D emulsions, the same

samples shown in Fig. 4.5, at the edge of the coverglasses.
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Fig. 4.9: Microscope pictures of oil D in water emulsions. (a) ¢=40% d43=2.9um
d3>=1.9um @m=0.83, (b) 9=50% d43=6.1pm d3>=4.8um em=0.76, (c¢) p=60% d43=13.6um
d32=9.2um o¢m=0.81, (d) ¢=70% ds=213um d3>=12.3um @m=0.81, (e) ©=80%
d43=19.8um dz=14.1uym o¢m=0.76, (f) ©=85% d43=20.7um d3>=14.6pm ©@m=0.75.
Aqueous phase formulation (1.6% phl15EO 0.2% NaOH, 1% NaCl). The picture were
taken at the edge of the borosilicate chambered coverglass where a higher concentration
of water is observed.
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The photomicrographs of optimized oil D emulsion at the edge of the
coverglasses also showed aggregating structures caused by the attractive interaction
between oil droplets. Attraction between big-big droplets and big-small droplets are
observed. However, very small droplets are observed to be floating individually,
suggesting repulsive interaction between very small-very small droplets (d<1pm).

Similar observations were made with oil A and oil B emulsions at the edge of the

coverglasses (Fig. 4.10-4.11).

20 microns

20 microns 20 microns

Fig. 4.10:  Microscope pictures of oil A in water emulsions. (a) ¢=20% d43=2.1um
d3>=1.7pm em=0.71, (b) ¢=40% ds3=1.6um d3»=1.4um em=0.86, (¢) ¢p=60% d43=6.4um
d3=4.5um om=0.75, (d) ¢=80% ds3=22pum d3>=15.9um o¢m=0.74. Aqueous phase
formulation (1.6% ph15EO 0.2% NaOH, 0.8% NaCl). The picture taken at the edge of
the borosilicate chambered coverglass where a higher concentration of water is observed.

101



£

"%

20 microns 20 microns

20 microns 20 microns

Fig.4.11:  Microscope pictures of oil B in water emulsions. (a) ¢=20% d43=3.4pum
d32=2.7um @m=0.72, (b) ¢=40% d43=3.2um d3=2.3um ¢m=0.76, (c) ¢=60% d43=8.0um
d3=5.1pm @m=0.78, (d) ¢=80% ds3=20.9um d3»=14.9um o¢m=0.77. Aqueous phase
formulation (1.6% ph15EO 0.2% NaOH, 0.8% NaCl). The picture were taken at the edge
of the borosilicate chambered coverglass where a higher concentration of water is
observed.

The chemical formulations used to prepared emulsions are changed to observe the

effect of chemical formulations on the droplet interaction potential.
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Fig. 4.12:  Microscope pictures of (a) 60% oil A emulsion prepared with 2% DMHPA
0.1% NaCl, (b) 60% oil A emulsion prepared with 2% TETA 0.1% NaCl, (c) 60% oil A
emulsion prepared with 2% TETA 0.1% NaCl, (d) 85% oil A emulsion prepared with 3%
DIPA-15EO 0.2% NacCl, e) 60% oil A emulsion prepared with 1.6% NPE-12EO 0.8%
NaCl, f) 60% oil A emulsion prepared with 1.6% NPE-12EO 0.8% NaCl. (c) and (f) are
taken at the edge of the coverglasses.
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Emulsions prepared with alkyl amines (DMHPA, TETA, and DIPA-15EQ) as an alkali
and a co-solvent formed stable emulsions with attractive droplets. Emulsions prepared
with a non-ionic surfactant, NPE-12EO, showed similar behaviors. The following
conclusions can be made from the photomicrographs of heavy O/W emulsions:
1. Oil droplets deformed into polyderal shapes when ¢ > ¢,
2. Heavy O/W emulsions showed attractive interaction between oil droplets with
all chemical formulations used to prepare emulsions in this study.
3. The interaction potential of oil droplets appeared to be a function of droplet
diameter.
a. Big droplets (d>1um) showed attractive interactions
b. Very small droplets (d<lum) showed repulsive interactions
4. A slight deformation of the spherical oil droplets at the point of contact caused
by attractive oil droplet interactions was observed for some emulsion even
when ¢ < ¢@,,.
5. The attractive interdroplet interactions resulted in the formation of
aggregating structures and perhaps percolating networks of oil droplets for

heavy O/W emulsions.

Heavy O/W emulsions prepared with the method stated in Chapter 3 fall under the
category of gels and attractive soft glasses because of the attractive interdroplet

interactions.

4.3 CALCULATION OF DROPLET INTERACTION POTENTIAL

The interdroplet interaction potential between oil droplets can be modeled using
the physicochemical properties of the emulsions. Forces such as the van der Waals
attraction force, steric repulsion force, electrostatic repulsion force, oscillatory structural
force [Kralchevsky and Denkov (1995); Wasan et al. (2004)], and interfacial deformation

force [Danov et al. (1993)] affect the interdroplet interaction potential of oil droplets in
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emulsions. However, all the interdroplet forces between oil droplets cannot be calculated
due to either the lack of key parameter needed in the calculations or the lack of analytical
equations. To capture the qualitative overall picture of oil droplet interactions, the
following assumptions are made about the oil droplets in the emulsions to simplify the
interaction potential calculations:

1. Solid spheres (no oil droplet deformation)

2. No oscillatory structural forces or depletion attraction force. If depletion
attraction force is present due to the presence of surfactant micelles, the
contribution is negligible compared to the van der Waals and electrostatic forces.

3. Steric repulsion is ignored. However, steric repulsion force may be present due to
the presence of large ethoxylated co-solvents in the chemical formulations. Co-
solvents adsorb at the interface along with soaps and may increase the repulsion
force between oil droplets.

For dispersions of solid particles in liquid medium, the potential interaction
energy between colloids are satisfactorily explained in the framework of the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory. The DLVO theory describes the combined
effects of van der Waals forces and Coulombic forces. While only considering the two
forces may be too simplistic for heavy oil droplets, it should be enough to qualitatively
observe the effects of droplet diameter and aqueous electrolyte concentration on the
interaction potential of oil droplets.

The total interaction energy W, (r) between two oil droplets can be estimated as a
sum of two different contributions according to the DLVO theory:

W (r) = Wyaw (r) + We(r) 4.1
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where W,4, (1) is the van der Waals energy, W, (r) the electrostatic energy, and r the
center-center separation distance between the two droplets. The theories and equations

for each of these forces for heavy O/W emulsions are discussed below.

4.3.1 van der Waals Attraction

The energy of interaction per unit area between two hard spheres of different

diameter at a distance D apart is given by Hamaker (1937):

W _ _Am[ 2R1R; 2R1R; ( 2R1+2R,+D)D )]
vdw 6 L(2R{+2R,+D)D = (2R1+D)(2R,+D) (2R1+D)(2R3+D)

(4.2)

where A, is the retarded Hamaker constant of heavy oil droplets in brine, R; the radius
of the first sphere, R, the radius of the second sphere, and D the distance between two
spheres (D = 0 is when two spheres are in contact). A, is given by Israelachvili
(2011):

D
Arer = Anon—ret/(l + P

100 nm)

(4.3)

where A, on_ret 18 the nonretarded Hamaker constant and p = 11 for interactions
between spheres. Apon_ret = 3 X 10721 ] is appropriate for bitumen in water emulsions

[Rodriguez-Valverde et al. (2003); Salou et al. (1998); Wu et al. (1999)].

4.3.2 Electrostatic Repulsion

The repulsive energy between two spheres can be calculated by [Rosen and
Kunjappu (2012)]:

&rR¥§ KD
Wy = Tln(l +e77) (4.4)
where ¥ is the surface potential, &, the dielectric constant of the dispersing liquid, 1/x
the effective thickness of the electrical double layer:

1/2

1 _ Er&p
" (41TF2 Y cizl?) (4.5)
where &, is the dielectric constant of the solution, &, the permittivity of a vacuum, F the

Faraday constant, C; the molar concentration of any ion in the solution, and Z; the
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valence of the ions. &, = 8.854 X 10712 F, &, = 80.1 for water, and F = 96485.33 C/
mol are used. An effective radius of two spheres can be calculated for two spheres of

different diameter:
2R4R;

Reff = Ri+R, (46)

where R; is the radius of the first sphere and R, the radius of the second sphere.

The Ionizable Surface Group Model (ISG) proposed by Healy and White (1978)
is used to calculate the surface potential of the heavy oil droplets. ISG model assumes
that the surface charge of the heavy oils or bitumen is derived from the dissociation of
acidic groups on the surface of the droplets. The following equation is used to relate the
pH, pKa, and ¥, [ Buckley et al. (1989); Healy and White (1978); Takamura and Chow
(1985)1:
e¥,

0
2.303kT + pKa - log <Sinhze'zuo - 1> (4.7)

2kT

pHp = —

where pH, is the bulk pH, e the electron charge, k the Boltzmann constant, T the
absolute temperature, pK, the dissociation constant of the naphthenic acids in the heavy

oils, z the valency of ions, and 6:
—eNj;

0 = ek (4.8)

where n is the number of counter ions per unit volume, N, the total surface density of
functional groups, and ¢ the permittivity of the medium.

Three variables are needed to calculate ¥, using Eq. 4.7, pH,, pK,, and N;. The
pK, of naphthenic acids have been found to be ~4-5 [Buckley (1996); Havre et al.
(2003); Pauchard et al. (2008)] and N, can be approximated as N = 2 X 10® — 5 x
108 carboxylic acid cites/m? [ Buckley (1996); Healy and White (1978); Takamura and
Chow (1985)]. pK, = 4.5 and Ng = 5 X 108 carboxylic acid cites/m? were used in this

study.
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The total surface area of the oil droplets per volume of the emulsion can be
estimated as Ay = 6¢/(d3;). Assuming OH™ + HA S A~ + H,0 where HA is the
naphthenic acid and A~ the deprotonated soap, the total moles of NaOH needed to cover
the entire surface of oil droplets in an emulsion with soaps can be estimated as Ay X
Vemut X Ng/Ny where V., 1s the volume of the emulsion and N, the Avogadro
constant.  In all emulsions prepared in this study, the concentration of NaOH was
sufficient to generate enough soaps to cover the entire surface of oil droplets.

pH, of 80% oil B emulsions were measured to be just a fraction of the original

aqueous phase pH at moderate alkali concentrations.
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Fig. 4.13:  pH of pure aqueous solutions with various alkali and 80% oil B emulsions
prepared with 1.6% phenol-15EQO, 0.4% NaCl and 0.2-1.2% alkali.
For the ISG model, the bulk pH of the emulsions was estimated to be 1% of the original

aqueous phase pH. Very low pH are observed because the total moles of NaOH in most
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chemical formulations are a lot less than the total moles of naphthenic acids present in
heavy oils. Since Buckley (1996) and Takamura and Chow (1985) showed that ¥, is
relatively insensitive when pH, > 9 for moderate electrolyte concentrations, the pHj, of

the emulsions should not affect ¥, significantly.

4.3.3 Non-DLVO forces

The non-DLVO forces that were ignored in the calculations are summarized. The
accuracy of the interdroplet interaction calculations would improve if these forces can be
calculated for heavy oil-in-water emulsions.

Deformable spheres

Soft oil droplets behave differently from hard spheres. Oil droplet can deform at
the point of contact and increase the area of contact from a point to a plane. The potential
energy of interaction between the two deformed droplets becomes a sum of interactions
between two spheres and two planes. Danov et al. (1993) derived expressions to
calculate the potential energy of interaction between two deformed droplets. The
expressions are very complex and require knowledge of the thickness of the water film
that forms between two deformed droplets. They also included a term called surface
deformation energy which accounts for the energy required to increase the interfacial area
of droplets. Because all the variables needed for these expressions were not available in
this study or the literature for heavy O/W emulsions, the expressions derived by Danov et
al. (1993) could not be used.

Steric repulsion force

Another type of repulsion force that can stabilize emulsion droplets is the steric
repulsion force. Large molecules such as non-ionic surfactants or polymers adsorb at the

interface between oil and water and provide a physical barrier against coalescence. The
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co-solvents, especially large ethoxylated co-solvents, included in the chemical
formulations used to prepare heavy oil-in-water emulsions may provide an additional
repulsive force against oil droplet coalescence on top of the electrostatic repulsion effect
of the soaps.

Depletion attraction force

An attractive force can arise when large particles such as oil droplets and solid
particles are suspended in a solution with much smaller molecules (depletants) such as
polymers and surfactant micelles. Asakura and Oosawa (1958) explained the mechanism
of depletion attraction force as entropic in nature. Attraction arises when large particles
are close enough that the depletants are excluded between them. Thus, depletion
attraction force are only relevant at a distance less than the depletant size between the
particles. Surfactant micelles and very small oil droplets in polydisperse heavy oil-in-
water emulsions can act as depletants to generate an attraction force between the oil
droplets. When the concentration of depletants is high, oscillatory structural forces can

arise between oil droplets [Kralchevsky and Denkov (1995); Wasan et al. (2004)].

4.4 RESULTS AND DISCUSSIONS

The total energy of interactions for the emulsions in the photomicrographs
(Chapter 4.2) are analyzed using the equations in Chapter 4.3 to see if the attractive
interdroplet interactions can be modeled. The purpose is quantify the trend of attractive
strength as a function of mean droplet diameters and electrolyte concentrations.

The energy of interaction of 80% oil emulsions prepared with 1.6% phenol-15EO,

0.2% NaOH, and 0.8% NaCl is analyzed.
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Fig. 4.14: Total energy of interaction of oil D droplets of d;»>=6um vs. distance
between two droplets.  Aqueous formulation of 0.2% NaCl and 0.8% NaCl.
Na'=0.185M. W, is normalized to kgT (Thermal energy).

Fig. 4.14 showed W; vs. D relationship between two oil droplets that is typically observed
for heavy O/W emulsions [Salou et al. (1998)]. Positive W; represents repulsion and
negative W; represents attraction between oil droplets. A primary maximum of W; is
observed near D=0 and represents the energy barrier required for colliding oil droplets to
overcome for droplet coalescence to occur. Irreversible droplet coalescence occurs at the
primary minimum. The height of the energy barrier indicates the stability of the

emulsions. Fig. 4.14 is plotted with a smaller y-axis in Fig. 4.15.
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Fig. 4.15: Total energy of interaction of oil D droplets of ds;»=6um. Aqueous
formulation of 0.2% NaCl and 0.8% NaCl. Na"=0.185M. W, is normalized to kgT.

A secondary minimum of the total energy of interaction is observed when the
distance between the two oil droplets is ~5Snm. The secondary minimum represents an
attractive force much weaker than the primary minimum. If the secondary minimum is
W, > —1kgT, aggregating structures will not form. If the secondary minimum is W; <
—1kgT, a reversible aggregation of droplets will occur. The DLVO analysis of the
energy of interaction between the oil droplets with d3=6um agreed with the
photomicrograph observation of aggregating heavy oil droplets. The two values of
importance are the primary maximum (stability against coalescence) and secondary
minimum (oil droplet aggregation).

The effect of droplet size on the total energy of interaction is analyzed in Fig.

4.16.
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Fig.4.16:  Total energy of interaction of oil droplets with an aqueous formulation of
1.6% phenol-15EO, 0.2% NaOH and 0.0% NaCl. Na'=0.05M. The radius of the oil
droplets are varied from 1-20um. a) A plot of the primary maximum. b) A plot of the
secondary minimum.

The primary maximum (energy barrier) increased as the oil droplet size increased. The
secondary minimum was the lowest for the droplets with the largest size and biggest for

the droplets with the smallest size. Droplets with R=1pum showed a secondary minimum
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of Wy = —1.5kgT. The analysis of the effect of droplet size on the interaction energy of
droplets agreed with the photomicrographs of emulsions. Big droplets form aggregates
and very small droplets with R <« 1lum show repulsive interactions and resist
aggregation.

The effect of electrolyte concentration on the total energy of interaction is

analyzed in Fig. 4.16.
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Fig. 4.17:  Total energy of interaction of oil droplets with an aqueous formulation of
1.6% phenol-15EO and 0.2% NaOH. R=5 um. The electrolyte concentration in the
aqueous phase are varied from Na'=0.05-0.5M. a) A plot of the primary maximum. b) A
plot of the secondary minimum.

Both the primary maximum and secondary minimum decreased when the electrolyte
concentration increased. This is due to the decrease in the electrical double layer

thickness (k~1) caused by higher electrolyte concentrations. Smaller k1 translates to a
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weaker electrostatic repulsive force between oil droplets and stronger secondary

minimum.

The interaction potential between two droplets of different radii are calculated.
The first droplet radius is a constant of Rj=5 um. The second droplet radius is varied

from R>=0.25-5 pm.
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Fig. 4.18:  Total energy of interaction of oil droplets with an aqueous formulation of
1.6% phenol-15EO and 0.2% NaOH, and 0.8% NaCl. Na'=0.2M. Oil droplets of
different radius were analyzed. Ri=5 pm and R»=0.25-5 um. a) A plot of the primary
maximum. b) A plot of the secondary minimum.

The primary maximum decreased and secondary minimum increased when R> decreased.

Small droplets (R2=0.25 pm) that do not form aggregating structures with each other will
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be attracted to big droplets (Ri=5 um). However, if R> is very small (R»<0.25 pm), the

aggregate structures of very small droplets and big droplets will not form.

4.5 CONCLUSIONS

The DLVO analysis and photomicrographs of heavy oil-in-water emulsions both

agreed on the following points:

1.

All heavy oil-in-water emulsions prepared with a chemical formulation of alkali,
co-solvent, and electrolyte formed reversible aggregate structures with
a. A very large energy barrier against droplet coalescence.
b. A secondary minimum where a weak attraction between oil droplets is
observed at some distance between the droplets.
The interaction potential of heavy oil droplets is a function of droplet diameter.
Oil droplets with a larger diameter showed a stronger interdroplet attractive force.
a. Two big droplets (d>1pum) showed attractive interactions.
b. Two small droplets (d<1pum) showed repulsive interactions.
c. A big droplet (d>1pm) and a small droplet (d<lpm) showed attractive
interactions unless the diameter of the small droplet was d<<1pm.
The interaction potential of heavy oil droplets is a function of the aqueous
electrolyte concentration.  Higher electrolyte concentration increased the
attractive force between the oil droplets.
The attractive inter-droplet interactions resulted in the formation of aggregating
structures and perhaps percolating networks of oil droplets for heavy oil-in-water
emulsions. The presence of yield stress for emulsions with ¢ < ¢,, is an

indiction of percolating networks of oil droplets.
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The heavy oil-in-water emulsions prepared in this study fall under the category of soft
matter that form attractive soft glasses when ¢ > ¢,, and gels when ¢ < ¢,,, due to the
attractive forces between the oil droplets. The formation of reversible aggregate
structures composed of heavy oil droplets may impart unique rheological properties to
heavy oil-in-water emulsions that are not typically observed with emulsions that show

repulsive interdroplet interactions.
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NOMENCLATURE

Acid dissociation constant

Avogadro constant

Boltzmann constant

Center-to-center distance between two spheres
Dispersed-phase volume fraction of emulsions
Effective radius of two spheres with different radius
Effective thickness of the electrical double layer
Electron charge

Electrostatic energy

Faraday constant

Hamaker constant

Maximum packing volume fraction (¢,,,) of dispersed-phase possible

without deformation of the spherical dispersed-phase
Molar concentration of ion i

Nonretarded Hamaker constant

Number of counter ions per volume

Permittivity of a vacuum

pH of the bulk solution

Radius of sphere i

Relative dielectric constant of the solution

Retarded Hamaker constant

Sauter mean droplet diameter

Surface potential

Surface-to-surface distance between two spheres
Temperature

Total interaction energy

Total surface area of oil droplets per volume of emulsion
Total surface density of functional groups

Valence of ion i

van der Waals energy

Volume of emulsion

ABBREVIATIONS

Derjaguin-Landau-Verwey-Overbeek
lonizable Surface Group
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Chapter 5: Rheology of Concentrated Heavy Oil-in-Water Emulsions

5.1 INTRODUCTION

Concentrated emulsions with dispersed phase concentration higher than the
sphere random close packing limit deform the dispersed phase into non-spherical shapes
[Foudazi et al. (2012); Meeker et al. (2004); Princen (1983)]. These concentrated
emulsions show complex non-Newtonian fluid behaviors, shear thinning behavior, yield
stress, slip at the surface [Meeker et al. (2004); Seth et al. (2012)], and viscoelasticity, not
observed with dilute and moderate dispersed phase emulsions. Princen and Kiss (1989)
and Seth et al. (2011) derived models that accurately described the rheological properties
of concentrated emulsions with repulsive interdroplet interactions.

Princen and Kiss (1989) and Seth et al. (2011) made two assumptions in the
derivation of the model: 1) repulsive interaction between the dispersed-phase
particles/droplet and 2) fairly uniform unimodal droplet size distribution. However,
heavy oil-in-water emulsions are polydisperse in nature and showed attractive
interactions between the oil droplets, forming gels or attractive soft glasses based on the
dispersed-phase concentration. Datta et al. (2011) showed that attractive interactions
between oil droplets dramatically influenced the emulsion rheology compared to
repulsive emulsions.  Foudazi et al. (2012) showed that the micromechanical model
proposed by Seth et al. failed to accurately model the rheological properties of
concentrated W/O emulsions with bimodal droplet size distributions.

Repulsive soft glasses, such as microgels and concentrated emulsions, showed
wall slip behavior on smooth surfaces at stresses below and just above the yield stress of
the material [Meeker et al. (2004); Seth et al. (2008)].  Wall slip can significantly

improve the flow rate of emulsions below and above the yield stress in pipelines.
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There are two main objectives for studying the rheology of heavy oil-in-water

emulsions for pipeline transportation purpose:

1) Characterize all the rheological properties of heavy oil-in-water emulsions. Investigate
whether heavy oil-in-water emulsions with attractive droplet interactions show wall slip
behavior similar to concentrated emulsions with repulsive droplet interactions.
Accurately upscaling and predicting the flow of emulsions in crude oil pipelines from
laboratory measurements can only be accomplished by fully understanding the rheology

of heavy-oil-water emulsions.

2) Optimize concentrated heavy oil-in-water formulation to prepare emulsions with low
viscosity. Quantify how the physicochemical properties of emulsions such as average
droplet diameter, droplet size distribution, and dispersed phase and continuous phase

viscosities affect the rheological properties of concentrated heavy oil-in-water emulsions.

5.2 LITERATURE REVIEW

The literature review of the rheological properties of colloidal suspensions,
especially soft glasses with attractive interaction between the dispersed phase, are
discussed below. Refer to Appendix A2 for the background on the rheological
measurement techniques, procedures, and calculations used to characterize colloidal

suspensions.

5.2.1 Effect of physicochemical properties of emulsions on rheology

The effect of physicochemical properties of emulsions on rheology can be
analyzed using the rheological models. Rheological models for repulsive emulsions are
readily available in the literature. However, there is a lack of rheological models for

attractive emulsions.
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Repulsive emulsions

There are several models that can be used to describe the rheology of repulsive
emulsions.
For emulsions with ¢ < ¢,,, the equation introduced by Pal (2001) works very well:
w B = (1) 61
where u, is the viscosity ratio of the emulsion (u) to the continuous phase (u.), K the
viscosity ratio of the dispersed phase to continuous phase, and ¢,, the maximum packing
volume fraction of the particles. Neither the mean droplet diameter d;, nor the
interfacial tension I' affected the emulsion viscosity [Pal (2001)].

For emulsions with ¢ > ¢,,, the micromechanical model proposed by Seth et al.

(2011) and modified with 7,, = ¥,,G and E* = 9.92T'/R [Seth et al. (2006)] accurately

modeled the rheology of concentrated emulsions with repulsive interactions :

_ Ucd32V 1/2
T=1,+ cG [T]

(5.2)

where T, is the yield stress, ¢ a constant, G the strain and frequency independent storage
modulus, y the shear rate, I' the interfacial tension, d3, the Sauter mean diameter, and p.
the continuous phase viscosity. Eq. 5.2 can be modified using the expression
Go~To(¢ — @) /R3, [Mason et al. (1995)] and 7, = F(piY((p)/dn [Princen and Kiss

(1989)] where Y (@) is obtained from experiments and lower Y (¢) is obtained for lower

Q:

F‘pdy(‘p) +cp(@ = @) | M] (5.3)

Eq. 5.3 suggests that lower T and thus p are obtained for concentrated emulsions with |
o, VT, Lyu.,, Ty, Ty, and Td;,. Heavy oil-in-water emulsions with the
physicochemical properties that result in low emulsion viscosities can be prepared using

the chemical formulation method proposed in Chapter 3.
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Attractive emulsions

A model for rheology of attractive emulsions has not been developed in the
literature. The difficulty of developing a model for attractive emulsions may be because
of the formation of networks and aggregates/clusters. The mean effective diameter of
aggregates/clusters is a function of y (d.fs(y)) and is hard to predict because
aggregates/clusters breakup under shear. Also the ¢ of attractive emulsions is a function
of ¥ (@err(¥)) because of water inclusions in the aggregates/clusters which increase the

effective dispersed-phase volume @.sf (see Fig. 5.1).

Water Inclusion Water Inclusion | No Water Inclusion ‘

Perf > @ Peff = @ Pefr = @
Low Shear Rate High Shear Rate>
Fig. 5.1: [llustration of aggregate structures breaking down with increasing

magnitude of shear. Water inclusion results in higher dispersed-phase volume than the
total particle/droplet volume.

The effect of attractive interactions between the dispersed phase particles/droplets

on the rheological properties of colloidal suspensions have been reviewed.

5.2.2 Yield Stress

Two yield stresses have been observed for attractive colloidal suspensions; 1) a
conventional yield stress necessary to start flow (7,,) and 2) a flow induced yield stress
(tyz). This behavior is termed “two-step yielding” in the literature. Since the

concentrated heavy oil-in-water emulsions prepared in this study are observed to be all
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attractive from the photomicrographs, whether heavy oil-in-water emulsions show two-
step yielding behavior needs to be verified and characterized.

Extensive literature review suggested the following theory for the appearance of a
two-step yielding behavior with concentrated colloidal suspensions; two different length
scales and/or relaxation times. Pham et al. (2006) observed that repulsive spheres
showed a single yield stress and attractive spheres showed a two-step yielding behavior.
The degree of attraction between the repulsive hard spheres was adjusted by adding small
quantities of non-adsorbing polymer which caused depletion attraction between the
spheres. Subsequent studies of the same attractive samples by Koumakis and Petekidis
(2011) and Pham et al. (2008) suggested that the first yielding is caused by the inter-
particle bond breaking process between the aggregates and the second yielding is caused
by cage breaking of the aggregates. Two different length scales/relaxation times can be
created by two methods: 1) creating optimal bimodal particle size distribution of
repulsive dispersed phase as observed by Sentjabrskaja et al. (2013) or 2) creating
colloidal suspensions with attractive interparticle interactions such as attraction-
dominated hard colloidal glasses [Pham et al. (2008), (2006) and Koumakis and Petekidis
(2011)], polymer microgel suspensions [Balmforth et al. (2014); Coussot et al. (2009);
Shao et al. (2013); Zhou et al. (2014)], attraction dominated soft particle glasses such as
concentrated emulsions [Datta et al. (2011); Foudazi et al. (2012), (2011)], and magnetic
iron particle suspensions [Ferndndez-Toledano et al. (2014); Segovia-Gutiérrez et al.
(2012)]. Two step yielding behavior is observed by Foudazi et al. (2012) as humps in the
flow curves for concentrated W/O emulsions measured with cross-hatched parallel plates
even though it is not explicitly stated as such. The attraction between the dispersed
spheres/droplets can be created by depletion mechanism [Koumakis and Petekidis (2011);

Pham et al. (2008), (2006)], varying the van der Waals attraction and electrostatic
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repulsion forces by changing the temperature, concentration of surfactants, and salinity of
the continuous phase [Berli (2007); Shao et al. (2013)], having oppositely charged
colloidal particles [Zong et al. (2013)], and having particles with varying size and surface
functionality in surfactant suspension paste [Shukla et al. (2015)].

The two yield stresses in two-step yielding are defined as follows: (1) a dynamic
yield stress, Ty1, as the yield stress when the shear rate approaches zero and (2) a flow
induced yield stress, Ty2, as the yield stress observed at some critical shear rate, .. The
Ty1 value can be measured either with 1) dynamic methods such as extrapolating T vs. y
flow curves to zero y and oscillatory measurements with the use of Hooke’s law 7 = Gy,
or 2) static methods such as a stress ramp test and stress growth test. The presence of the
flow induced yield stress observed in attractive colloidal suspensions are usually inferred
from 1) observations of a hump from a flow curve of 7 vs. y at some critical shear rate
[Foudazi et al. (2012, 2011)] and more commonly, 2) oscillatory measurements of G', G",
and 7 vs. y. The strain overshoot of G', G" vs. y and a stress maximum were observed at
y=~1-10 for attractive suspensions [Koumakis and Petekidis (2011); Pham et al. (2008);
Zong et al. (2013)].

The literature published on two-step yielding of colloidal suspensions is

summarized below.
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Table 5.1:

A brief summary of literature on two-step yielding. Updated and expanded on the table from Shukla et al. (2015)

Paper Colloidal Suspension Description Dispersed- | Method
phase vol. of
frac. analysis
Pham et al. Sterically stabilized PMMA Hard sphere repulsive glasses and attractive glasses are formed. Two-step o =0.6 Dynamic
2006, 2008 particles, in decalin. yielding attributed to breaking of attractive bonds, while second yield Oscillatory
Depletion attraction induced stress is attributed to cage breaking Rheology
by using PS
Koumakis & | Same as above Attractive colloidal gels and attractive colloidal glasses are formed. For ¢ =0.1—-0.6 | Dynamic
Petekidis ¢ < 0.2, single-step yielding. For 0.2 < ¢ < 0.58, attractive gels are Oscillatory
2011 formed while for ¢ > 0.58, attractive glasses are formed. As volume Rheology
fraction is increased, two-step yielding becomes more prominent. In
glasses: bond breaking followed by cage breaking. In gels: bond breaking
following by cluster breaking.
Laurati et al. | Same as above Attractive colloidal gels are formed. First yielding is attributed to bond =04 Dynamic
2011 breaking. Second yielding is attributed to cluster breaking. Both yield Oscillatory
stresses showed power-law dependence on polymer concentration. Higher Rheology
polymer concentration equals stronger attraction.
Kramb & Anisotropic particles of PS, Hard colloidal glasses are formed. Two-step yielding is shown by @:=0.579 — | Dynamic
Zukoski stabilized by PEG suspended heterodicolloid and symmetric homodicolloid shaped particles. Two steps | 0.704 for Oscillatory
2011 in 0.03 M NacCl solution attributed to two relaxation mechanisms by virtue of anisotropy in the various shapes | Rheology
particles. First yielding is attributed to particles rotating within the cage
and second to particles’ center of mass moving within the cage.
Datta et al. Silicone oil dispersed in Repulsive and attractive O/W emulsions are formed. Repulsive emulsions | ¢ Dynamic
2011 formamide. Emulsifier: showed only a single yield stress while attractive emulsions showed two- = 0.25 — 0.96 | Oscillatory
Pluronic P101 nonionic step yielding behavior. First yield stress is attributed to bond breaking and Rheology
amphiphilic copolymer. second yield stress is attributed to cluster breaking.
Depletion attraction induced
by micelles
Chan & Sterically stabilized PMMA Depletion-induced dilute colloidal gels are formed. First yielding event is ¢ = 0.05 Dynamic
Mohraz 2012 | particles, in mixed organic attributed to unwinding of gel network by bond rotation and Oscillatory
system. Depletion attraction rearrangements, and second is attributed to bond breaking Rheology

induced by PS
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Continuation of Table. 5.1: A brief summary of literature on two-step yielding. Updated and expanded on the table from

Shukla et al. (2015)

Segovia- Carbonyl iron particle in Magneto-rheological fluids are studies. Two-step yielding is shown at ) Dynamic
Gutierrez et silicone oil intermediate magnetic fields (~10 kA) for ¢ > 0.1. Mechanism is similar = 0.05 — 0.5 | Oscillatory
al. 2012 to that of attractive gels. First yielding is attributed to breaking of gel Rheology
) network into clusters. Second yielding is attributed to breaking clusters.
Foudazi et al. | Saturated solution of NHsNOs | Bimodal W/O emulsion with size ratios of 2-6 are formed. Volume @ = 0.85 Steady-
2012 dispersed in hydrocarbon oil. fraction of the smaller droplets from 0-100% were tested for size ratios of State
Emulsifier: polyisobutylen 2-6. Two-step yielding is observed and a steady-state o vs.y model Rheology
succinic anhydride-urea proposed for two-step yielding emulsions.
(PIBSA-Urea)
Koumakis et | Sterically stabilized PMMA Hard sphere glasses are formed. Two-step yielding is shown at 1) Dynamic
al. 2013 particles, in mixed organic intermediate Peclet number. At intermediate Peclet number, both = 0.6 — 0.639 | Oscillatory
system Brownian motion aided yielding and shear induced diffusion act, resulting Rheology
in two peaks in G”
Sentjabrskaja Same as above Binary hard sphere mixtuers, with size ratio up to 0.2 are formed. Two- ) Dynamic
et al. 2013 step yielding has been linked with the presence of two equally dominant = 0.55 — 0.61 | Oscillatory
different length scales. Presence of two length scales leads to cages of Rheology
different sizes. Although two length scales are present in all mixtures, in
most samples, one dominates, thus leaving the second one less significant.
Shao et al. Aqueous carbopol microgel, Soft jammed repulsive glass and attractive colloidal gel are formed. As Weight %=0.5 | Dynamic
2013 with attraction induced by attractive strength is increased, the two-step yielding becomes more Oscillatory
adding salt prominent. First yielding is attributes to network breaking followed by Rheology
cluster formation. Second yielding is due to breaking of clusters.
Zong et al. Oppositely charged colloidal Low ¢ gel and high ¢ glass are formed. Samples with ¢ < 0.46 show 1) Dynamic
2013 particles, with equal size and one-step yielding, ¢ > 0.46 show two-step yielding. The first yieldingis | = 0.18 — 0.53 | Oscillatory
PS core and a thin PNIPAM linked to bond breakage between cages/clusters. The second yielding Rheology
shell, but have oppositely event is attributed to breaking of cages/clusters themselves. Cages appear
charged end groups. Mixed in | in high volume fraction glasses, while clusters are found in low volume
equimolar ratio fraction gels.
Shukla et al. Pastes containing anionic Surfactant pastes that contain particles and clay are formed. Two-step ¢ =~0.36 Dynamic
2015 surfactants, clay, and abrasive | yielding is observed. First yielding is attributed to rupture of network. Oscillatory
particles of calcite Second yielding is attributed to breaking of aggregates/clusters. Rheology

PMMA: polymethylmethacrylate, PS: polystyrene, PEG: polyethylene glycol, PANIPAM: N-isopropyl acrylamide
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The consensus in the literature is that the first yielding event is attributed to breaking of
gel network into aggregates/clusters. The second yielding event is attributed to breaking
of aggregates/clusters themselves into individual particles/droplets. For ¢ < ¢,,, only
the first yielding event results in a yield stress and for ¢ > ¢,,, both yielding events

results in yield stresses.

5.2.3 Wall Slip

Using elastohydrodynamic theory, Meeker et al. (2004) and Seth et al. (2012,
2008) were able to relate the physicochemical properties of repulsive soft matter to their
wall slip behavior. They showed that wall slip for repulsive soft glasses was tied directly
to the bulk fluid yield stress and identified three regimes of slip. Regime I is observed at
high shear stresses (7/7, > X where X > 1), where slip is negligible compared to the
bulk flow. Regime II is observed above the 7, (1 <7/7), < X), where slip becomes
significant and the total flow is a combination of slip and bulk flow. Regime III is
observed below the 7, (/7, < 1), where bulk flow is negligible and flow is due to pure
slipping of soft matter. They theorized the X value to be dependent on the type of soft
matter with X~1.5 measured for microgel paste.
Meeker et al. (2004) also identified that a yield stress exists for sliding soft
matter on smooth surfaces, referred to as the sliding yield stress 7,,,. Seth et al. (2008)
considered various interaction between the dispersed-phase droplets and the smooth wall
surfaces (van der Waals, electrostatic, steric forces) and showed that the 7, observed for
sliding soft matter is controlled by the short-range interactions. They modified the
interactions between the droplets and the surfaces by modifying the surface chemistry of

the measurement geometries. Repulsive interactions between the droplets and the

surfaces resulted in negligible 7,5, while strong attractive interactions resulted in the g,
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value equal to or higher than the 7, value of the bulk fluid, completely suppressing wall
slip even with smooth walls. This is another method of eliminating wall slip without the
use of roughened surfaces.

Meeker et al. (2004) derived the following slip velocity model according to the

elastohydrodynamic theory for slip Regime III

2

vy lry-tsy
where Vs is the slip velocity and V), the slip velocity at /7, = 1. Seth et al. (2012)
visually confirmed wall slip of soft glasses using fluorescent microscopy and particle
tracking velocimetry. They showed experimentally that the slip velocity varied linearly

with the stress 7 for wall slip in slip Regimes II:

Ys = [T_Tsy], T/T, > 1 (5.5)

vy lry-tsy

Meeker et al. (2004) showed that the V,, of repulsive soft glasses scaled linearly
according to V;,~GoR/u., where Gq is the strain and frequency independent storage
modulus, R the radius of the dispersed-phase particles/droplets, and u. the continuous
phase viscosity. Seth et al. (2012) expanded on the equation and derived the following

relationship for the V,:

_ Y$GoR

Vy o (5.6)

where y, is the yield strain. With the emulsion properties in Eq. 5.6, the Vs vs.t
relationship of repulsive soft glasses can be modeled and predicted for any measurement
geometry and dimension.

Experimental study of the slip behavior of repulsive soft glasses exist in the
literature. However, no comprehensive study on the slip behavior of attractive soft

gels/glasses have been conducted in the literature until now. The wall slip behavior of
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heavy oil-in-water emulsions with attractive interdroplet interactions have been

characterized in this study.

5.2.4 Viscoelasticity

Viscoelasticity of soft matter, both repulsive and attractive, have been studied
extensively in the literature using dynamic oscillatory measurements. The oscillatory
motion is controlled by a sinusoidal function of sine described as follows:

y(t) =y, sinwt (5.7)
where y(t) is the strain as a function of time, y, the strain amplitude, w the angular
frequency of oscillation, and t the time. The resultant torque data are used to calculate
the elastic and viscous properties of the materials. G’ is defined as the storage modulus,
and G" the loss modulus. G’ and G" values are materials functions (ratios of stress and
strain) and represent the elastic (solid) and viscous (fluid) properties of the material,
respectively. Refer to Appendix A2.5.2 for a detail explanation on oscillatory rheology.
Repulsive soft glasses

All repulsive soft glasses show similar oscillatory behaviors. Fig. 5.2 shows the
typical G’, G” vs. ¥ and G’, G” vs. w data of unimodal O/W emulsions with varying
dispersed-phase concentrations. Analysis of repulsive emulsions showed the classical
Type III behavior outlined by Hyun et al. (2002) for viscoelastic materials. The type III
behavior is characterized by a weak strain overshoot of G” with strain sweep test (Fig.
5.2a). The overshoot is a function of ¢ with stronger overshoot observed for higher ¢.
Frequency sweep tests at a constant strain within the linear viscoelastic region showed G’

that is independent of w and G” that goes through a minimum for the range of ¢ tested

(Fig. 5.2b). The yield strain of y;,, ~ 10% is observed for all emulsions in Fig. 5.2.
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Fig. 5.2: (a) Strain y and (b) frequency w dependence of the storage modulus G’
(solid symbols) and loss modulus G” (open symbols) for monodisperse silicone O/W
emulsions of varying dispersed-phase volume ¢. Obtained from Mason et al. (1997)

The y and w independent G', G,, is scaled according to the relationship
Go~Tf(9)/R3, where f(¢) is a function of ¢ and is found to be well represented by
Go~To (9 — @) /R3, for monodisperse, repulsive O/W emulsions [Mason et al. (1995)].
Attractive soft glasses

Attractive colloidal suspensions show distinctively different dynamic oscillatory
rheology compared to repulsive colloidal suspensions. Analysis of attractive soft glasses
in the literature showed a combination of Type I & IV behaviors outlined by Hyun et al.
(2002) for viscoelastic materials. The Type IV behavior is characterized by a strong
strain overshoot of G’ and G” with strain sweep tests which indicates attractive
interdroplet interactions. Fig. 5.3 shows oscillatory strain sweep measurements of
sterically stabilized attractive PMMA particles suspended in decalin obtained from

Koumakis and Petekidis (2011). Depletion attraction is induced by polystyrene polymer.
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Fig. 5.3: Dynamic strain sweep for suspensions with equal attraction strength and

different ¢. (a) G’,G” vs y are plotted. The arrow shows the G” peaks. (b) 7,yG’ vs. ¥
are plotted. The arrows indicate the yield strains and yield stresses. Figures obtained
from Koumakis and Petekidis (2011)

The combination of Type I and IV behaviors appeared similar to a combination of two
repeating Type I behavior (repulsive). The g, yG’ vs. y plots showed two maximums that
indicate the yield strains and stresses. The attractive interdroplet interaction affected the
strain independent G’ and G" of emulsions significantly compared to emulsions with
repulsive interaction when all other parameters were the same. Experimental results from

Datta et al. (2011) and Mason et al. (1997) showed that G’ and G" vs. @.ff varied

significantly for attractive and repulsive emulsions (Fig. 5.4)
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Fig. 5.4: Linear viscoelastic storage and loss moduli G’(solid symbols) and G”(open
symbols) vs. @.sr for attractive and repulsive emulsions. Attractive emulsions are
circles, upward-pointing triangles, and squares. Repulsive emulsions are diamonds and
downward-pointing triangles. Attractive emulsions all have same interaction potential
energy. @, = 0.68 —0.72. Figure obtained from Datta et al. (2011). The lines are
measurements from Mason et al. (1997)

Datta et al. (2011) showed that for repulsive emulsions, G’ and G" values decreased
orders of magnitude for @.rr < @, suggesting negligible yield stress. For attractive
emulsions, higher G' and G" values are observed for ¢.rr < @, compared to repulsive
emulsions. G’ values for attractive emulsions suggested yield stress for 0.25 < @ ¢f
which are well below the ¢,, values. G’ values for both attractive and repulsive
emulsions converged for high @, values, suggesting the interdroplet interactions
provide a negligible effect on G’ for emulsions that are significantly deformed. The G"
values are higher for attractive emulsions compared to the repulsive emulsions at all @,
values. This suggests that the viscosity of attractive emulsions are higher than the
repulsive emulsions at all @, ¢ values.

The yield strain of emulsions showed a significant variation for attractive

emulsions compared to repulsive emulsions (see Fig. 5.5). Repulsive emulsions with
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Perf > Om showed a single yield strain y,,. The y,, value appeared to be a constant and
not a function of @.rr. The attractive emulsions displayed one yield strain y,, for
Perf < P and two yield strains, yy, and yy,, for @err > @p,. The two yield strains

observed at higher @, ¢f support the two-step yielding behavior of attractive emulsions.
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Fig. 5.5: Volume fraction dependent behavior of O/W emulsions. Yield strains of

attractive (circles, upward-pointing triangles, and squares) and repulsive (diamonds and
downward-pointing triangles) emulsions vs. @, ¢s are plotted. The lower symbols are the
first yield strain of attractive emulsions, yy;. The top symbolss are the second yield
strain of attractive emulsions, y,, and the yield strain of repulsive emulsions, y,. Figure
obtained from Datta et al. (2011)

5.2.5 Time-Dependent Flow Property

Concentrated colloidal suspensions showed strong time-dependent properties.
The time-dependence is attributed to the microstructural rearrangement of the
particles/droplets. At low shear rates, concentrated W/O emulsions showed rheopectic
behavior where stress/viscosity increased as the material was sheared longer [Masalova et
al. (2005)]. The rheopectic behavior can be identified with two methods; (1) comparison
of upward and downward shear rate sweeps of the emulsion (Fig. 5.6a), and (2) transient

(time) testing of stress at constant shear rates (Fig. 5.6b).
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Fig. 5.6: (a) Upward and downward strain sweeps of W/O emulsion (¢ = 0.9) and
(b) transient measurement of viscosity at constant shear rates. The x-axis is in log(t).
Figures obtained from Masalova et al. (2005)

Fig. 5.6a showed that viscosity hysteresis is observed for a W/O emulsion when
upward and downward shear rate sweep tests are performed. The hysteresis is only
observed at very low shear rates, confirmed by the transient measurements of viscosity
vs. time at constant shear rates (Fig. 5.6b). Less than 1 s is needed to reach steady-state

1

viscosity fory = 1 — 100 s™* while t > 1,000 s is needed to reach steady-state viscosity

fory =10"*s1,
5.2.6 Shear banding

Attractive colloidal suspensions showed shear banding behavior in measurement
geometries with a homogeneous stress field [Bécu et al. (2006); Fall et al. (2010); Meller
et al. (2008); Ragouilliaux et al. (2007)]. Shear banding is where the globally imposed
shear rate is not distributed homogeneously. This results in thin regions of highly
sheared bands while the remaining part of the fluid is not sheared at all. Shear banding
can interfere with the analysis and measurements of the emulsion rheological properties.

The direct method of validating the occurrence of shear banding is to measure the
velocity profiles of fluids under shear. An indirect evidence of shear banding can be

observed from steady-state flow curves of attractive emulsions measured with both strain
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controlled and stress controlled viscometers. For emulsions that shows shear banding
behavior, the shear rate jumps discontinuously to zero below a critical shear rate with a
stress controlled viscometer, unlike with a strain controlled viscometer [Fall et al. (2010);
Mpiller et al. (2008); Ragouilliaux et al. (2007)]. Fig. 5.7 shows the steady-state flow
curves of a repulsive emulsion (Fig. 5.7a) and an attractive emulsion (Fig. 5.7b)

measured with shear controlled and stress controlled viscometers.

200
Y el 1o O 5300 = oh 0
’a’* A From Viscosity Bifurcation o] A100 O d
a 1 60’ Herschel Bulkley model 0“_3 g
— 1401 = 2504= )
» %) c 10 \.()_46
? 1207 g | ' &
g 001 £ 200+ a
c"ﬁ %] 1 - B
L 801 8 1x107°0.01 0.1 1 101 100 O
© 1 o 150 Shear rate (s )
g 60 5 (.,c) b 4
» 40 100 T
1x10%  1x10° 0.1 10 1x10° 1x10™* 0.01 1 100
Shear rate (s™1) Shear rate (s”)
d)
Stress 11
(Pa) |~
e O
- (0]
- § 0.01
v 50
s 49 g 1x10734
N1x106 . 21 104
1 §1 074 o .‘««444‘4111111<¢¢<<<<<4 X i 5
1x108 - . . : 1x107%] 120
0 100 200 300 400 10 100 1000
Time (s) Time (s)
Fig. 5.7: (a) Steady-state flow curve of repulsive emulsion. The diamonds are shear

rate controlled (SR) and the squares are stress controlled (SS) measurements. (b) Steady-
state flow curve of attractive emulsion. The squares are shear rate controlled (SR) and
the circles are stress controlled (SS) measurements. (c) Transient measurements of shear
rate vs. time with stress controlled measurements for repulsive emulsion. (d) Transient
measurements of shear rate vs. time with stress controlled measurements for attractive
emulsion. Figures obtained from Fall et al. (2010).

Fig. 5.7a showed the flow curves of a repulsive emulsion measured with shear controlled

and stress controlled viscometers. Both measurements overlapped. However, while an

137



attractive emulsion showed a typical flow curve behavior when measured with a strain
controlled viscometer, no flow below a critical shear rate y, was observed when
measured with a stress controlled viscometer (Fig. 5.7b). The discontinuous jump of
shear rate to zero below y, for an attractive emulsion can be observed with the transient

measurements in Fig. 5.7d.

5.3 EXPERIMENTAL SECTION

The heavy O/W emulsion samples are prepared and their droplet size distribution
are characterized according to the procedures outlined in Chapter 3. The rheological
properties of the emulsions were measured using TA Instruments advanced rheometric
expansion system (ARES LS1) at ambient conditions of 22.25 °C £0.25. The parallel
plate geometry was used with smooth plates which promotes slip at the wall and cross-
hatched parallel plates which eliminates slip at the wall (50 mm diameter and 1 mm gap

between plates). The pictures of the parallel plates are shown in Fig. 5.8.

138



Fig. 5.8:

Pictures of parallel plates: Side and top view of a smooth parallel plate (left)

and a cross-hatched parallel plate (right).

Appendix A2 has detailed explanations on the following topics as a reference:

1.
2.

Basics of fluid mechanics

Types of measurement geometries available for viscometers

Measurement problems encounters with the viscometer geometries for colloidal
suspensions

Selection of a measurement geometry for heavy O/W emulsions

Rheological measurement techniques and procedures used to characterize heavy

O/W emulsions
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All measurement scans, steady and oscillatory, are performed from high shear
rate/strain/frequency to low. Some of the samples were measured with varying gap
widths to verify the elimination of slip at the wall. Since the parallel plate measurements
apply heterogeneous shear rates over the radius of the plates, non-Newtonian shear
correction must be manually applied to the torque vs. y measurement to obtain accurate
shear stresses at the edge of the plates. We utilized the Weissenberg-Rabinowitsch

correction method [Rabinowitsch (1929)].

2M [3 1 dlnM]

Tp= — |-+ =
R™ nr3la ' 4dlnyg

(5.8)

where Ty is the shear stress at the edge of the plate, M the torque, and Yy the shear rate at
the edge of the plate. de Souza Mendes et al. (2014) found that the Weissenberg-
Rabinowitsch correction method can also be used to correct the effects of heterogeneous
shear rates with oscillatory parallel plate measurements. The only difference is the

replacement of the shear rate in Eq. 5.8 with the strain rate. The corrected stresses at the

edge of the place are used to calculate the G” and G

5.3.1 Steady State Measurement

The emulsion samples are loaded onto the bottom parallel plate and the top plate
is lowered on the sample slowly until the gap width is reached. Any excess emulsion
sample is wiped off. Shear rate sweep tests are conducted in a downward direction from
high shear rates to low shear rates. The shear rate range of measurement is 10-10? s,
At each shear rate, the parallel plate rotates for 30 s before 10 s of torque measurements
and the torque measurements are averaged. The steps are repeated for subsequent shear
rates. Upward shear rate sweep is conducted along with downward shear rate sweep to

test for any hysteresis and transient behavior. The same procedure is used with both
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smooth and cross-hatched parallel plates to characterize both the bulk emulsion

rheological properties and wall slip properties.

5.3.2 Oscillatory Measurements

Only cross-hatched parallel plates are used for oscillatory measurements to
measure the bulk emulsion properties. After loading the emulsions sample with a gap
width of Imm, the sample is pre-sheared at 50-100 s for 60s prior to the dynamic
oscillatory measurements. The first test performed is the strain sweep test at a constant
frequency of 1 Hz. A downward sweep of strain from 1,000 to 0.1% is used. The linear
viscoelastic region which is below the yield strain of the sample is identified. The second
test performed is a frequency sweep test at a constant strain rate within the linear
viscoelastic region. A downward sweep of frequency from 100 to 0.1 rad/s is used.

The oscillatory torque measurements of attractive colloidal suspensions using
most commercial rheometers introduce error to the measurements because the equation
used to analyze the torque readings ignored the higher harmonic contributions. Higher
harmonic contributions are observed at large amplitude strain rates above the yield strain.
However, Hyun et al. (2005) (Fig. 5.6) and Heymann et al. (2002a, 2002b) showed that
the two-step yielding attractive colloidal suspensions do not behavior similar to repulsive
suspensions. They showed that the error introduced to the torque measurement by the
higher harmonic contributions is highest between the two yield strains. However, the
contribution of higher harmonic near the second yield strain y,, is small (<15%). We
assumed that the 7,yG' vs. y values obtained near y,,at higher strain amplitudes are
fairly accurate even with the assumption of negligible higher harmonic contribution

based on the studies of Hyun et al. (2005) and Heymann et al. (2002a, 2002b).
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Fig. 5.9: (a) Oscillatory strain sweep measurement of polymer solution (soft gel).

Shows a combination of Type I and IV behavior of attractive colloidal suspensions. (b)
Nonlinear odd higher harmonic (n > 3) stresses normalized to the linear viscoelastic
stress (n = 1) for strain sweep measurements. Fourier transform used to analyze the
data. Figures obtained from Hyun et al. (2005)

5.3.3 Transient Measurements

Transient measurements can be performed using either a strain-controlled or a
stress-controlled setting. Most of the measurements were conducted with a strain-
controlled setting. After loading the emulsion sample with a gap width of Imm, transient
measurements of T vs. ¢ at constant shear rates for the strain-controlled setting and y vs. ¢
at constant stresses for the stress-controlled setting are performed. Samples are rested for

3 min between each constant shear rate/stress measurements.

5.4 RESULTS

The physicochemical properties, the rheological modeling parameters, and the
wall slip modeling parameters of the characterized heavy O/W emulsions are summarized
in Appendix (Table A5). Each figure has the sample name of the emulsions in the figure
descriptions. The naming convention is xAA-B where x represents the oil (oil A, B, D),

AA the concentration of oil in the emulsion, and B the number of the sample.
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5.4.1 Transient Measurements

The time dependent measurements of heavy O/W emulsions are performed to
develop the steady-state shear rate sweep procedure. The time-dependent measurements
are also used to quantify whether heavy O/W emulsions show thixotropic or rheotropic
behaviors. The constant shear setting for the ARES LS1 Rheometer is used to measure t

vs. t of a 80% o1l D emulsion at constant shear rates.
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Fig. 5.10: 7 vs. ¢ at constant shear rates. 80% oil D emulsion prepared with 1.6%
phenol-15EQO, 0.2% NacCl, 1.0% NaCl (D80-4). 50 mm cross-hatched parallel plate with
Imm gap at 22.25°C +0.25. Shear stress was not corrected using the Weissenberg-
Rabinowitsch correction method.

The measurement time required for the emulsion flow to reach steady state in

parallel plates depended on the shear rate. Aty > 5571, T went through a maximum at
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the start of flow and reached steady state after ~10s. At 0.01 <y <5571, 7 did not go
through a maximum and reached steady state after ~10 — 30 s. Aty < 0.001 s71, 7 did
not reached steady state until > 1,000 s. This increase in 7 as a function of time at low y
indicated rheopectic behavior similar to what Masalova et al. (2005) observed with

concentrated W/O emulsions.

The constant stress setting for the ARES LS1 rheometer is used to measure y vs. ¢

of a 80% oil D emulsion at constant stresses.
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Fig. 5.11:  y vs. t. 80% oil D emulsion prepared with 1.6% phenol15EO, 0.2% NaCl,
1.0% NaCl (D80-4). 50 mm cross-hatched parallel plate with Imm gap at 22.25°C +0.25.
Shear stress was not corrected using the Weissenberg-Rabinowitsch correction method.
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It took ~50 s~ for the 80% oil D emulsion to develop a steady state flow with the
constant shear rate measurements. For 7 < 0.075 Pa, the y decreased steadily and did
not reach steady state even for > 1,000 s. The constant declined of y may be an
indication that the yield stress of the 80% oil D emulsion is at 0.05 < 7 < 0.075 Pa.
Downward and upward shear rates sweeps of the 80% oil D emulsions is
performed according to the experimental procedure and the constant shear rate and
constant stress measurements at steady state are plotted over the shear rate sweep

measurements in Fig. 5.12.
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Fig.5.12: 1 vs.y. 80% oil D emulsions 1.6% phenol-15EO, 0.2% NaOH, 1.0% NaCl
(D80-4). 50 mm cross-hatched parallel plates with 1mm gap at 22.25°C +0.25. Shear
stress was corrected using the Weissenberg-Rabinowitsch correction method. Filled
circle is downward shear rate scan. Green triangle is upward shear rate scan. Black
square is shear rate obtained from the constant shear stress transient measurements in Fig.
5.11. Red diamond is shear stress obtained from the constant shear rate transient
measurements in Fig. 5.10.
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The downward and upward shear sweeps of the 80% oil D emulsion as well as all
concentrated heavy O/W emulsions tested showed hysteresis at very low shear rates of
¥ < 0.005s~1. This is another indication of a rheopectic material. The steady state
transient measurements performed with constant shear rate and constant stress settings
(Figs. 5.10-5.11) agreed well with the downward shear sweep measurements even at y <
0.005s~ 1. Fig. 5.12 showed that downward shear sweep measurements should be
performed when characterizing heavy O/W emulsions over the upward shear sweep
measurements to obtain data at steady state flow. Oscillatory measurements are also
performed with downward sweeps of strain and frequency for this reason.

A lot of attractive colloidal suspensions showed shear banding at low shear rates
[Fall et al. (2010); Mgller et al. (2008); Ragouilliaux et al. (2007)]. Even though the 80%
oil D emulsion showed attractive interdroplet interaction, the characteristic behavior of
shear banding where the shear rate jumps discontinuously to zero below a critical shear
rate with a stress controlled viscometer, unlike with a strain controlled viscometer [Fall et
al. (2010); Moller et al. (2008); Ragouilliaux et al. (2007)], was not observed. While not
a definitive proof, this may indicate that shear banding does not occur with the flow of

attractive heavy O/W emulsions.

5.4.2 Oscillatory Measurements

Oscillatory measurements of concentrated heavy O/W emulsions showed a
combination of Type I & IV behaviors outlined by Hyun et al. (2002) for viscoelastic
materials. The type I behavior is characterized with a plateau of G',G"vs.y which
declines with an increase in y. The Type I behavior represents a shear thinning property
of the material. The Type IV behavior is characterized by a strong strain overshoot of

G' and G" with strain sweep tests and indicates attractive interdroplet interactions and a
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yielding event. Fig. 5.13 shows the typical oscillatory measurements of G’, G"vs.y and

G', G" vs. w observed with concentrated heavy O/W emulsions.
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Fig. 5.13:  80% oil D emulsion prepared with 1.6% phenol-15EO 0.4% NaOH and
0.4% NaCl (D80-7). a) G',G",t vs.y relationship at constant w = 1 Hz. The arrows
represent the yield strains of the sample. b) G, G" vs. w relationship at constant y = 5%.
The arrows point to the w and y independent G," and material relaxation time w,.
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Fig. 5.13a showed that the oscillatory measurements of heavy O/W emulsions are similar
to the oscillatory measurements of attractive colloidal suspensions reported by Koumakis
and Petekidis (2011). Two yielding events are observed. The first yield strain y,,
represents the breaking of networks created by attractive interactions between oil droplets
and the second yield strain y,, represents the breaking of clusters/aggregates into
individual droplets. The strain overshoot of G’ and G" at y = 100 — 1000% is an
indication of the flow induced yielding event. Concentrated heavy O/W emulsions

showed a two-step yielding behavior according to the oscillatory measurements.

Fig. 5.14 shows the oscillatory measurements of 80% oil D emulsions prepared
with different chemical formulations. NaCl concentration is varied in the chemical

formulations.
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Fig. 5.14:  80% oil D emulsion prepared with 1.6% phenol-15EO 0.2% NaOH and 0-

1.2% NaCl (D80-1 to D80-5). a) G' vs.y relationship, b) G" vs.y relationship, and c¢)
T vs.y relationship measured at constant w = 1 Hz. The arrows represent how the yield
strains moved when NaCl concentration was increased in the chemical formulation.

Fig. 5.14a-b showed the G', G" vs. y relationships where lower G’ and G" were observed

for emulsions when prepared with higher NaCl concentrations. Higher ¢,, and lower I'
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are observed with emulsions prepared with optimized chemical formulations which
results in lower G, according to the relationship Gyo~T'¢@ (¢ — ¢,,)/R3, [Mason et al.

(1995)].

Table 5.2:  Properties of 80% oil D emulsions in Fig. 5.14 prepared with 1.6% phenol-
15EO, 0.2% NaOH, and 0-1.2% NaCl (D80-1 to D80-5).

NaCl ds2 (um) ¢,, @ W, at secondary minimum (ksT)

0% 14.4 0.68 -11
0.4% 13.1 0.695 -24
0.8% 14.2 0.73 -40.5
1.2% 14.6 0.79 -55

Fig. 5.14a-b also showed that the strain overshoot of G’ and G" at y = 100 —
1000% was minimal for the emulsion prepared with 0% NaCl and largest with the
emulsion prepared with 1.2% NaCl. The magnitude of the overshoot is an indication of
the attractive interaction strength of emulsions where no overshoot is observed for
repulsive emulsions and a large overshoot is observed for emulsions with strong
interdroplet attractions [Hyun et al. (2002)]. The calculation of the interaction potential
of the emulsions agreed that 0% NaCl emulsion had the weakest attraction between
droplets and the 1.2% NaCl emulsion had the strongest attraction between droplets at the
secondary minimum (Table 5.2).

Fig. 5.14c showed the t vs.y relationships. The magnitude of the yield strains
changed as the NaCl concentration increased in the chemical formulations used to
prepare emulsions. Yy, decreased and y,,, increased as the NaCl concentration increased.
This behavior is similar to what Pham et al. (2008) observed with 60% colloidal

suspensions when the particle interaction potential was changed from repulsive to
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attractive. The yield strains appeared to be converging to a single yield point as the

attraction strength became weaker. The ratio of y,,/y,; may be an indication of the

interdroplet interaction strength.

Fig. 5.15 shows the G, G" vs. w relationship of the 80% oil D emulsions in Table

5.2.
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Fig. 5.15:  80% oil D emulsion prepared with 1.6% phenol-15EO 0.2% NaOH and 0-

1.2% NaCl (D80-1 to D80-5). G', G" vs. w at constant y. Filled symbols are G’ and empty
symbols are G".
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Similar to the G’, G" vs.y relationships, lower G',G" are observed as a function of w
when the NaCl concentration is higher in the chemical formulation used to prepare
emulsions. For emulsions with a small yield stress, the G', G" vs. w relationship cannot
be measured at very low w due to the lower torque limit of the rheometer transducer.
This makes it hard to accurately estimate G, which is observed as w approaches 0.
However, G, can be extrapolate from the measured data using rheological models similar
to how the dynamic yield stress is extrapolated from the steady-state flow curves of
Tvs.y. G',G" vs.w is normalized and plotted as G' /Gy, G" /Gy vs.w/w, to collapse all

the G’, G" vs. w measurements from emulsions into one master curve.

NaOH=0.2% NaCl=0%
NaOH=0.2% NaCl=0.4%
NaOH=0.2% NaCl=0.8%
NaOH=0.2% NaCl=1%
NaOH=0.2% NaCl=1.2%
NaOH=0.4% NaCl=0%
¢ NaOH=0.4% NaCl=0.4%
X  NaOH=0.4% NaCl=0.6%
A NaOH=0.4% NaCl=0.8%
G' Model

100 5

I X o m ,

<& <>+ Of%
+ o7
+ > O
-z O
0.1 T —— —— T
0.01 0.1 1 10
/o,
Fig. 5.16:  80% oil D emulsion prepared with 1.6% phenol-15EO 0.2-0.4% NaOH and

0-1.2% NaCl (D80-1 to D80-9). G'/G,,G"/G, vs.w/w, at constant y. Filled symbols
are G' /G, and empty symbols are G"/G,. Solid line is G'/Gy = 1 + 0.6(w/w,)°® and
the dashed line is G /Gy = 1.7(w/w,)*”

The solid line for G' and dashed line for G in Fig. 5.16 modeled the normalized

frequency sweep data of concentrated heavy O/W emulsions accurately for w/w. < 5.
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Yy1> Vy2> Go, and w, of heavy O/W emulsions are measured with the oscillatory

measurements. Using Hooke’s law, the yield stress can be calculated 7, = Goyyq.

Qualitatively, the interdroplet interaction strength of emulsions can be inferred from the

G',G",T vs.y data based on the magnitude of G', G" overshoots. However, Ty, could not
be measured or calculated from the oscillatory measurements. The yield strains and
stresses are used to model the rheological properties of attractive heavy O/W emulsions.
5.4.3 Rheology and Wall Slip

The 7 vs.y flow curves of oil D emulsions prepared with 1.6% phenol-15EO,
0.2% NaOH, and 0% NaCl are presented in Fig. 5.17. The dispersed heavy oil

concentrations are varied from 40-85%.
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Fig. 5.17:

T vs.y of oil D emulsions prepared with 1.6% phenol-15EO, 0.2% NaOH,

and 0% NaCl. a) D40-10: ¢ = 40%, ¢,, = 0.79, b) D50-11: ¢ = 50%, ¢,, = 0.78, ¢)
D60-12: ¢ = 60%, ¢@,, = 0.8, d) D70-13: ¢ = 70%, ¢,, = 0.73, ¢) D80-14: ¢ = 80%,
om = 0.69, f) D85-15: ¢ = 85%, ¢,, = 0.69. The black line is the modified Herschel-
Bulkley model. The orange line is the wall slip model. The arrows indicate the yield
Stress Tyq.
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A yield stress 7, is observed for emulsions with oil concentration as low as ¢ =
40% in Fig. 5.17. The presence of a yield stress at ¢/¢@,, < 1 is an indication of a
percolating network formed by attractive oil droplets. 7,; increased as the oil
concentration increased.  The presence of 7,; is supported by the oscillatory
measurements and the wall slip observed with smooth parallel plates. Wall slip indicates
the presence of a yield stress [Meeker et al. (2004)].

Wall slip is observed with all emulsions in Fig. 5.17 at T < 7,4 similar to the wall
slip observed with repulsive microgel pastes and repulsive concentrated emulsions
[Meeker et al. (2004); Seth et al. (2012, 2008)]. Unlike repulsive emulsions, wall slip is
observed for attractive emulsions with ¢ /¢, < 1. A second region of wall slip appeared
for heavy O/W emulsions with ¢ > 60% at higher shear rates of 0.1 <y < 10 s™1. The
emergence of the wall slip at higher shear rates indicates the presence of a flow induced
yield stress that is collaborated by the oscillatory measurements of two yield strains. The
region where the second wall slip appeared is accompanied by a hump in the rough
parallel plate measurements. While oscillatory measurements could not be used to
quantify the flow induced yield stress 7,5, Ty, can be estimated by analyzing the wall slip
behavior.

The rheological models for concentrated emulsions, Herschel-Bulkley model,
Seth et al. (2011) model, and Princen and Kiss (1989) model, cannot accurately model
the rheological properties of concentrated heavy O/W emulsions because of the presence
of the hump caused by the flow induced yield stress. Also, the wall slip regimes
developed by Meeker et al. (2004) and Seth et al. (2012) do not account for the second
region of wall slip observed at high shear rates.

Equations that model the flow curves of heavy O/W emulsions are very useful

when analyzing the measured data and designing the flow of heavy O/W emulsions in
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flow conduits of varying dimensions. The two lines in Fig. 5.17 represent the new
equations developed in this chapter to model the rheological properties and wall slip

behavior of heavy O/W emulsions.

The heavy O/W emulsion measurements in Fig. 5.18 were used to design the new

equations.
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Fig. 5.18 continued.
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Fig.5.18: twvs.y of 80% oil D emulsions prepared with a chemical formulation of
1.6% phenol-15EO, 0.4% NaOH, and a) D80-6: 0%, b) D80-7: 0.4%, c) D80-8: 0.6%,
and d) D80-9: 0.8% NaCl. The solid black line is the modified Herschel-Bulkley model.
The dotted black lines are the two Herschel-Bulkley models that were combined to form
the solid black line. The colored lines are the wall slip model.

The new equations modeled both the flow curves of 7 vs.y and the effect of wall slip
very well. Fig. 5.18a showed that varying the gap width of the rough parallel plates from
h=1-2mm did not have any effect on 7 vs.y. This suggests that wall slip was completely
eliminated by using the rough parallel plates. The 7 vs.y,,, varied significantly when
the gap width of the smooth parallel plates were changed from h=0.5-2mm. The smallest
gap showed the largest wall slip. The slip model was able to capture the effect of the
plate gap width on the wall slip. Wall slip can be scaled up to flow conduits of varying

dimensions using the slip model.

5.4.3.1 Model for Tt vs.y flow curves (No Wall Slip)

All concentrated heavy oil emulsions measured with rough parallel plates showed
steady state flow curves similar to Fig. 5.18. To model the flow curves of concentrated
heavy O/W emulsions in Fig. 5.18, two rheological models, the micromechanical model
proposed by Seth et al. (2011) and Herschel-Bulkley (HB) model, were considered.

The micromechanical model is desirable compared to the Herschel-Bulkley model
because all variables are measurable physical properties of emulsions, unlike the
Herschel-Bulkley model. Foudazi et al. (2012) modified the micromechanical model for

polydiserse samples

. n
7 =1, + 186, (L) (5.9)

where G, is the strain and frequency independent storage modulus, I' the interfacial

tension, and p. the continuous phase viscosity. Since the I' of the emulsion samples

159



could not be measured, the I' in the equation was used as a fitting parameter. The
micromechanical model proposed by Seth et al. (2011) for concentrated emulsions
proved not to be suitable for the flow curves of concentrated heavy O/W emulsions. The
short comings of the micromechanical model were:

1. Unrealistically low T values (T & 1073 — 10~* mN /m) were necessary to fit the

flow curves before the hump.

2. The hump in the flow curves could not be modeled.

The unrealistically low I" values needed as a fitting parameter may be because of the very

large size of the oil droplet aggregates. Since dgggregate > Ainaivisuar>» Very low T

. . . dinaivi
fitting values are necessary to satisfy the relationship 2424l = T'pyp o
aggregate

The Herschel-Bulkley equation faced the same problem where the flow curves
could not be accurately modeled because of the presence of a hump. Since concentrated
heavy O/W emulsions showed two yield stresses, a combination of two Herschel-Bulkley
models was used to model the flow curves of concentrated heavy O/W emulsions similar
to Foudazi et al. (2012, 2011).

Foudazi et al. (2012, 2011) observed that a combination of two Herschel-Bulkley
equations adequately described the flow curves of concentrated emulsions which showed
“a hump” at a certain critical shear rate.
T=1Ty + ki y™ + [(Ty2 + kay™2) — (7)1 + kyy™)][1 — e77/¥¢] (5.10)
where 7, is the traditional dynamic yield stress obtained from extrapolation, 7, the
flow induced yield stress, k; the consistency index, n; the flow index, and y, the critical
shear rate. The curve smoothening function [1 —e7V/ 7’6] is used to combine the two
Herschel-Bulkley models into a continuous function at y,.

The flow regimes of the two Herschel-Bulkley equations used to model the flow

curves of concentrated heavy O/W emulsions are theorized from the yielding events of
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two-step yielding materials. The first yielding event of concentrated heavy O/W
emulsions represents the breaking of percolating networks into clusters/aggregates and
the second yielding event represents the breaking of clusters/aggregates. The first
Herschel-Bulkley equation models the flow of clusters/aggregates between the two
yielding events and the second Herschel-Bulkley equation models the flow of individual
droplets after the second yielding event. Energy from shearing the emulsions is
necessary for the yielding events and the process is illustrated in Fig. 5.1.

A key assumption is made that the two Herschel-Bulkley equations describe the
two extremes of flow regimes: 1) The first Herschel-Bulkley equation describes flow of
aggregate emulsion droplets with a constant aggregate size when the emulsions first
yield, and 2) the second Herschel-Bulkley equation describes flow of emulsions with
individual droplets. The region between the two Herschel-Bulkley equations is a gradual
transition from the first Herschel-Bulkley equation to the second Herschel-Bulkley
equation where the breaking of clusters/aggregates occurs. The flow regimes are

1llustrated below.
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Fig. 5.19:  Tllustration of flow regimes modeled by Herschel-Bulkley equations. The
dotted lines are the individual HB equations. The solid line is Eq. 5.10. The drawings
represent the state of droplet aggregation as a function of shear. The dispersed-phase
concentrations are not drawn to scale.
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Eq. 5.10 has 7 fitting parameters to fit the measured flow curves. A challenge
with such a large number of fitting parameters is the existence of multiple solutions.
Some of the fitting parameters are replaced by measured values to reduce the number of
available solutions with Eq. 5.10.

1. 7, calculated from oscillatory measurements of G, and y,4

2. n= 0.5 for concentrated emulsions with repulsive interactions [Foudazi et al.
(2011); Meeker et al. (2004); Princen and Kiss (1989); Seth et al. (2006)]. n, =
0.5 is assumed because of the assumption of a constant aggregate diameter for the
HB1 model and ¢@.rr > ¢ caused by inclusion of water to the dispersed-phase
volume in the aggregates.

3. Ty, is estimated from the analysis of wall slip behavior based on the relationship
between the wall slip behavior and yield stress [Meeker et al. (2004); Seth et al.
(2012)].

The 7 fitting parameters of Eq. 5.10 are reduced to 4 fitting parameters with 3 measurable
and known parameters, significantly limiting the number of possible solutions. Eq. 5.10

modeled the flow curves of emulsions in Fig. 5.18 and other emulsions very well.

5.4.3.2 Model for Wall Slip

The y at the edge of the parallel plates can be converted to bulk fluid velocity
with V = yrh (yg: shear rate at the edge of the cross-hatched plates, h: gap between the
plates) and bulk+slip velocity Vo = yg apph (Vrapp: apparent shear rate at the edge of the
smooth plates, h: gap between the plates). At constant 7, the slip velocity Vg = V, =V
can be calculated. Note that Vs is the sum of wall slip velocity at both the top and bottom
plates as illustrated in Fig. A4 in the Appendix. Each plate has wall slip velocity of Vs /2.

The Vs/V, vs. T for the 80% oil D emulsions in Fig. 5.18 are plotted in Fig.5.20.
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Fig. 5.20:  Vg/Vyvs. T of 80% oil D emulsions with 1.6% ph15EO, 0.4% NaOH, and 0-
0.8% NaCl (D80-6 to D80-9). Measured with 50 mm cross-hatched and smooth parallel
plates with 1mm gap at 22.25°C £0.25.

Vs/V, represents the contribution of wall slip to total flow with Vg/V, = 0 and Vs/V, = 1
representing flow with no wall slip and flow with only wall slip and no bulk flow,
respectively. Vg/V, =1 was observed for 7 < 7,,. The trend for Vg/V, vs. T can be

analyzed when 7 is normalized with 7,, (See Fig. 5.21).
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Fig. 5.21:  Vi/V, vs. a) /7,4 and b) 7/7,,, of 80% oil D emulsions with 1.6% ph15EO,
0.4% NaOH, and 0-0.8% NaCl (D80-6 to D80-9). Measured with 50 mm cross-hatched
and smooth parallel plates with Imm gap at 22.25°C £0.25.

Fig. 5.20a showed that V/V, vs. 7/7,, collapsed the four sets of data well for

7/ty; < 1. The Vi/V, decreased significantly for 7/7,; > 1. 7,;, was estimated using
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the extrapolation method of the flow curves with the Herschel-Bulkley model. The wall

slip behavior observed in Fig. 5.21a followed the slip mechanism proposed by Meeker et

al. (2004) with the transition of slip Regime II to Regime I happening at 7/7,; ~ 1.

What is not observed in the works of Meeker et al. (2004) and Seth et al. (2012) is
the presence of significant wall slip appearing at 7/7,; > 1. The Vs/V, increased to a
constant value of 0.6-0.7 at 7/7,,; > 1 and decreased significantly in Fig. 5.21a. Because
wall slip occurs as a result of yield stress, it can be inferred from the Vg/V; vs. 7/7,,, that a
flow induced yield stress is present for the emulsions. Two repeating patterns of wall slip
are occurring at two different yield stresses. Using the same concept of V/Vy vs. 7/7,4
observed in Fig. 5.21a, the V5/V;, vs. T data in Fig. 5.20 is normalized at the flow induced
yield stress T, (see Fig. 5.21b). The 7,,, is estimated so that the wall slip at 7,,, followed
the slip Regimes proposed by Meeker et al. (2004) with transition of slip Regime II to

Regime I occurring at T/7,, ~ 1.

We defined the start of shear induced yield stress as 7,,5 and end of shear
induced yield stress as 7,,. The main difference between the contributions of two yield
stresses to slip velocity is Vg/Vy = 1 for 7 < 7/, and Vg/Vy < 1 for 7,,,5<7 <7,,. The
values of Vg/V < 1 for 7,,5<7 <T,,, suggest that bulk flow is present to some degree for
Ty25< T <Ty,, unlike the flow at T < 7/7,,; which is due entirely to wall slip. The flow
induced yield stress 7,,, obtained from the wall slip analysis was found to be slightly
below the stress at which the hump in the flow curves measured with rough parallel
plates were observed in Fig 5.18. The 7,, obtained from the analysis of the wall slip
behavior is used in the modified Herschel-Bulkley equation (Eq. 5.10) as a measurable

parameter instead of a fitting parameter.
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The Vs vs. V, relationship can be analyzed further to obtain information about the

slip behavior of heavy O/W emulsions.
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Fig. 5.22: Vs vs. V; of 80% oil D emulsions with 1.6% ph15EO, 0.4% NaOH, and 0-
0.8% NaCl (D80-6 to D80-9). Measured with 50 mm cross-hatched and smooth parallel
plates with 1mm gap at 22.25°C +0.25.

The Vs vs. V; relationship can be non-dimensionalized with the characteristic slip
velocity V),; which is defined as Vs at T = 7, (V) and T =7, (V,,;). To normalized
both Vs and V,, at T = 7,,,, variable C is defined where C = Vs/V; at the yield stresses.
C =1 atty and C is a constant less than 1 at 7,, (obtained from Fig. 5.20). The

normalized Vs vs. V,, with respect to both V,,; and V,,, is plotted in Fig. 5.23
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Fig. 5.23:  a) Vs/Vyq vs. CVy/Vyq and b) V/Vy, vs. CVy/Vy, 0f 80% oil D emulsions with
1.6% ph15EO, 0.4% NaOH, and 0-0.8% NaCl (D80-6 to D80-9). Measured with 50 mm
cross-hatched and smooth parallel plates with Imm gap at 22.25°C +0.25.
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Fig. 5.23 showed that Vs/V, = CV,/V, for T < 7, and Vs/V, = a(CV,/V,)*? for T > T,
similar to what Seth et al. (2012) observed for repulsive concentrated emulsions showing

only a single yield stress with n = 0.5. The variable a is a constant.

Since the slip velocity is negligible compared to bulk fluid velocity (Vs/V = 0) at
high shear rate, we can estimate that Vo = V at T > 7,,. Substituting in y~V, to the
Hershel-Bulkley equation, Vy~t/" is obtained for 7 > 7,. Because Vi/V;, = a(CV,/

1;,)025 for T3 1), the relationship Vg~V,°?°>~t1/*" is obtained. Based on these

analysis, the following model is derived for Vs vs. t:

ve  Cv — 1/n

—_—= —= | — <

Vy Ty [Ty—fsy] t=t (5-11)
v 1925 7o 1M/40

=S=gq [—0] =a [—sy] . T, (5.12)
Vy Vy Ty~ Tsy

where a is a constant and 7, the sliding yield stress. Sliding yield stress is observed
when there is an attraction between emulsion droplets and the smooth flowing surface

[Seth et al. (2008)]. Seth et al. (2012) showed that for concentrated emulsions with n =

2 1
0.5, Vs/V), = (TZ__T;_:;) and Vs/V, = (T_Tsy ) were obtained for T < 7, and 1 < 7/7), <

Ty~ Tsy

2.5, respectively. The exponent of 1 obtained by Seth et al. (2012) is based on slip
velocity measurements up to 2.57/7,, and may represent the transition from the exponent
of 2to 0.5 at T > 1,

The Vs vs. 7 relationship of 80% oil D emulsions normalized to Vs/V;, vs. (T —

Tsy)/(Ty — Tsy) at both yield stresses are plotted in Fig. 5.24.

168



(0)/(,2)

a) 10 v .
°
° L4
""/I—O—.-/
@
o® *
S0
1 & A *
r A L
o | 2 *e
> b
> .®
=~ %
>"’ 5 (y A A
° &
0.1 . ® y
0.01
0.1 1 10
(-1, )/ (11T,
b) 10
0.31
TyZS
- “/
1 M‘:‘ *
o~ A
> ¢
>
> oA
0.1
——Slip Model ¢
® 0% NaCl
0.4% NaCl
¢ 0.6% NaCl
A 0.8% NaCl
0.01
0.1 1 10

a) Vs/Vy1 vs. (T — Ty, ) /(Ty1 — Tsyy) and b) Vs/Vy, vs. 7/7,, of 80% oil D

169

emulsions with 1.6% phl15EO, 0.4% NaOH, and 0-0.8% NaCl (D80-6 to D80-9). The
Ty2s Tepresents the start of the flow induced yield stress. The black line represents the
wall slip model (Egs. 5.11-12)



Fig. 5.24a showed that Vs/Vy, = [(T — Tsy) /[ (Ty1 — Tsy)]z for (T — 75y)/(Ty1 — Tgy) <1
and Vs/Vy, = [(T — Tsy) /[ (Ty1 — Tsy)]o.s for (t — 5,,) /(71 — Tsy) > 1 fit the data well.
As (T —T4)/(Ty1 — Tsy) > 1, the error from the measurements of very small Vg
resulted in a significant scatter of data compared to the slip model. Fig. 5.24b showed
that V/Vy, = [T/TyZ]l'zs for [T/Tyz] < 1land Vs/Vy, = [T/Tyz]o'3 for [T/Tyz] > 1 fit the
data well. The slip model indicated that the flow behavior index of 80% oil D emulsions
are n; ~ 0.5 and n, ~ 0.8 near 7,,; and 7,,, respectively. This supports the assumption
of n; = 0.5 for the modified Herschel-Bulkley equation. n, = 0.8 from the wall slip
analysis are very similar to the fitted n, values used in the modified Herschel-Bulkley
equation to model the flow curves of the emulsions in Fig. 5.18. At /7, > 4, the
contribution of Vs is negligible compared to the bulk fluid velocity for heavy O/W
emulsions. Thus, the deviation of Vs data at high 7/7,, compared to the slip model

becomes insignificant.

The slip model in Fig. 5.23 is a product of combining Eqgs. 5.11-12 with a smooth
transition between the two equations for 1 < t/7,, < 2. The mathematical expression
used to smoothly transition between the two equations is the tanh method. For 7,, and

Ty2, the Vg expression as a function of 7 is:

rere \I/D 1+tanh[A<% —1>] N Tz, \ 1/
Vsi = Vy; ( Sy) + — (a( Sy) _(—Sy) )

2 Tyi—Tsy Tyi—Tsy

fori=1and?2 (5.13)

where A = 5 and a equals
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1+tanh[E<i -1

a=|D+ 2 >] (21/4n — D) (5.14)

2

where D = 0.5 and E = 2.5. Fig. 5.25 plots Eq. 5.13 forn = 0.5 and n = 0.8.

10 y 10
a) , b)
/ /
/
31 - I 1
> P > --"
P d T ~
»
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(T_Tsy)/(Ty_Tsy) (T_Tsy)/(‘[y_Tsy)

Fig. 5.25:  Vo/Vy vs. (T —14)/(Ty —Tsy) for a)n =0.5 and b)n = 0.8 with slip
model (Eq. 5.13).

The flow induced yield stress appeared at some stress below 7,, based on the
emergence of second wall slip regime. Fig. 5.24 showed that the start of flow induced
yield stress 7,,5 occurred at ~7,,/2.5 for 80% oil D emulsions. Eq. 5.13 can be
combined to describe the entire range of Vs for heavy O/W emulsions that showed two-
step yielding behavior by using the same method used to combine two Herschel-Bulkley

equations (Eq. 5.10).

6
Vsior = Vs1+ (Vs = Vs) | 1 - €< <Ty25> ) (5.15)
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For concentrated emulsions samples that exhibit more than two yield stresses, the slip
behavior of multi-step yielding emulsions can be modeled by adding further repeating Vs

terms to Eq. 5.15

6
Vstor = Vs1 + 23 (VSn - VS(n—l)) 1- e< <Tyns> ) (5.16)

where n is the number of yield stresses.

The wall slip model for concentrated emulsions that show two-step yielding

behavior (Eq. 5.15) is fitted to the measured Vs vs. T data from Fig. 5.18.
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Fig. 5.26: Vs vs. T of 80% oil D emulsions with 1.6% ph15EO, 0.4% NaOH, and 0-
0.8% NaCl (D80-6 to D80-9). a) 0% b) 0.4% c) 0.6% d) 0.8% NaCl emulsions.

Fig. 5.26 showed three regions of experimental uncertainty. At very low 7, the sensitivity
of the viscometer transducers created some noise with the torque readings (Fig. 5.26a). It
should be physically impossible to have slip when 7 is extrapolated to 0. Figs. 5.26c-d
data showed a lot of scatter compared to the slip model between the two individual slip
models. There is a large error in calculating Vg because of very low Vs/V,, observed at the
transition between the two slip models. The same explanation is applied to the lower

experimental Vg data points observed at high T compared to the slip model (Fig. 5.26a-d).
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The regions of T where a significant deviation compared to the slip model are observed is
where the Vs/V, ratio is very small and the contribution of Vs to V; is negligible. The slip
models of Vs vs. T for 80% oil D emulsions are used to predict the smooth parallel plate
flow curves of T vs. y from the roughened parallel plate flow curve measurements (see

Fig. 5.18).

Based on Fig. 5.24, two sets of wall slip Regimes for attractive heavy O/W

emulsions have been identified. Regime 1 and Regime 2 identify the slip behavior near

Ty1 and 7,5, respectively.

¢ 1.1: Slip dominated flow for
* 1.2: Combination of Slip and bulk fluid flow for 1 < 7/7,,; < 4
* 1.3: Bulk fluid flow with negligible slip for /7., > 4

* 2.1: Slip dominated flow for S < 7/7,,, < TwithS <1
* 2.2: Combination of Slip and bulk fluid flow for 1 < 7/7,,, < 4
* 2.3: Bulk fluid flow with negligible slip for 7/7,,, > 4

Fig. 5.27:  Slip flow regimes for concentrated heavy O/W emulsions that show two-
step yielding behavior

There are six variables that are utilized in Eq. 5.15 to estimated Vg vs. T: Ty1, Tyys,
Ty2, Tsy> Vy1, and V,,. The variables 7,, and 7,, can be measured using roughened
parallel plates. 7, can be estimated based on the interaction potential between the

droplets and the flow surfaces [Seth et al. (2008)]. Seth et al. (2012) proposed the

relationship 1, = }/yZGOR /1o for repulsive soft glasses. The variables y, and G, are
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measurable emulsion properties using oscillatory measurements. Using Hooke’s Law

Ty =Yy Gy, V), = yyZGOR /o was modified and the a constant of 1/100 was included
based on the rheological characterization of over 60 heavy O/W emulsions:

V.. = L YyiTyids (5.17)

YU100 0 2w

where y,,;d3, /2 is the distortion of the emulsion droplets and i the yield number.

The measured V,,; and Vy,, of over 60 heavy O/W emulsions were compared to the

calculated V,,; and V,, using Eq. 5.17.
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Fig. 5.28:  Calculated V),; vs. measured V,,;. a) V,,; and b) V,,.

Fig. 5.28 showed a good agreement between the measured and calculated V), values.
Experimental errors are introduced in every step of experiments such as the measurement

of mean droplet diameter using a static light scattering equipment, oscillatory
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measurements of y,, and 7,, and measurements of V. Error is also introduced by using
the d3, value to describe the mean droplet size of emulsions samples with broad droplet
size distributions. The measurement errors are higher at the first yield point because the
torque measurements are near the accuracy limit of the torque transducers used by the
ARES LS1 Rheometer. This is reflected in the larger scatter of data in Fig. 5.28a
compared to the data in Fig. 5.28b. The same d3, was used to calculate both V, values,
suggesting that the wall slip is controlled by the individual droplet size and not the
aggregate size.

The only fitting parameter necessary to use the wall slip model (Eq. 5.15) is 7y,
which often equaled to 7,,/2.5 but values as low as 7,,/20 were measured. Ty,s <
Ty2/2.5 may indicate the presence of multiple flow induced yield stresses due to the

stepwise breaking of the clusters/aggregates.

5.4.4 Effect of Physicochemical Properties on the Rheology of Heavy O/W
Emulsions

The effect of the physicochemical properties of the heavy O/W emulsions on the
rheological properties are explored in this section. The type of heavy oil, oil
concentration, NaOH concentration, NaCl concentration, and co-solvent type are varied

in the chemical formulations used to prepare the emulsions.

5.4.4.1 Effect of Heavy Oil

The effect of the type of heavy oils used to prepare heavy O/W emulsions is
explored in Fig. 5.29. Viscosities of oil A, oil B, and oil D are ~310,000 cP, ~91,000 cP,
and ~9,000 cP at 10 s and 25°C, respectively.
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Fig. 5.29. T vs.V,Vapp of 80% O/W emulsions prepared with 1.6% phenol-15EO,
0.2% NaOH, and 0.4% NaCl. a) A80-1: Oil A, d3>=17.3um, ¢, = 0.79, b) B80-3: Oil
B, d32=26.7um, ¢, = 0.78, ¢) D80-2: Oil D, d3>=13um, ¢,, = 0.7.

The flow curves of 7 vs.y measured with the rough parallel plates did not show a
significant difference between the emulsions prepared with heavy oils of varying
viscosities. Emulsions prepared with oil A and oil B showed more distinct humps at the
site of the flow induced yield stress compared to the emulsion prepared with oil D. Also,

the contribution of wall slip to total flow at the sites of the flow induced yield stress were

significantly higher for oil A and oil B emulsions (Vs/V;, = 0.95) compared to oil D

emulsion (Vs/V;, = 0.65). The hump in the flow curves and wall slip due to the flow
induced yield stress are more significant when emulsions are prepared with heavy oils
with higher viscosities.

5.4.4.2 Effect of Heavy Oil Concentration

The concentration of heavy oil in the emulsions is the variable that has the biggest
effect on the emulsion viscosities. Fig. 5.30 shows the u vs.y of 40-85% oil D emulsions

prepared with two different chemical formulations.
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Fig. 5.30:  pvs.y of 40-85% oil D emulsions prepared with 1.6% phenol-15EO, 0.2%
NaOH, and a) 0% NaCl (D40-10 to D85-15) and b) 1% NaCl (D40-16 to D85-21).
Measured with 50 mm cross-hatched parallel plates with 1mm gap at 22.25°C +0.25.
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Emulsions with higher viscosities were prepared when the oil concentration in the
emulsion was higher. Changed in the oil concentration from 40% to 85% resulted in over
two orders of magnitude increase in the emulsion viscosities. Similar trend was observed

with oil B emulsions in Fig. 5.31.
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Fig. 5.31. uws.y of 75-85% oil B emulsions prepared with 1.6% phenol-15EO, 0.4%
NaOH, and 0.8% NaCl. B75-5: 75% emulsion (d3>=28.8um, ¢,, = 0.81). D80-26: 80%
emulsion (d32=6.6pm, @, = 0.94). D85-42: 85% emulsion (d32=20.5um, ¢,, = 0.87).
Measured with 50 mm cross-hatched parallel plates with 1mm gap at 22.25°C +0.25

Oil D emulsions prepared with the low salinity chemical formulation (1.6%
phenol-15EQO, 0.2% NaOH, and 0% NaCl) showed higher viscosities compared to the
emulsions prepared with the higher salinity chemical formulation (1.6% phenol-15EQO,
0.2% NaOH, and 1% NaCl) at all oil concentrations. Up to an order of magnitude lower

viscosities were observed when the NaCl concentration was increased from 0-1% in the
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chemical formulation. The effect of the chemical formulation used to prepare emulsions

on emulsion rheology is explored further.

5.4.4.2 Effect of Chemical Formulation

The effect of the chemical formulation composition used to prepare heavy O/W
emulsions is explored in Fig. 5.32. 80% oil B emulsions are prepared with 1) only NaOH

of varying concentrations 2) NaOH and phenol-15EO, and 3) NaOH, NaCl, and phenol-

15EO.
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Fig.532: puwvs.y of 80% oil B emulsions prepared with different chemical
formulations. Blue circle: 0.2% NaOH (B80-5: d3»=30um, ¢,, = 0.765), Black cross:
0.4% NaOH (B80-6: d3;»=15um, ¢,, = 0.8), Green diamond: 0.6% NaOH (B80-7:
d3>=6.8um, ¢,, = 0.73), Red star: 0.8% NaOH (B80-8: d3;»=5um, ¢,, = 0.75), Black
square: 1.6% Ph15EO 0.2% NaOH (B80-9: d3»=33.5um, ¢,, = 0.73), Purple triangle:
1.6% Ph15EO 0.2% NaOH 1.2% NaCl (B80-30: d3»=21.3um, ¢,, = 0.81). Measured
with 50 mm cross-hatched parallel plates with Imm gap at 22.25°C +0.25.
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80% oil B emulsions prepared with chemical formulations that consisted of only
NaOH showed very similar behavior regardless of the NaOH concentration (0.2-0.8%).
Also, some of the emulsions were expelled from the parallel plates at shear rates higher
than the critical shear rate where the 7,,, appeared. ~ Even through ds> varied from 5 to
30um and ¢, varied from 0.73 to 0.8, no significant difference in rheological properties
were observed when the chemical formulation consisted of only NaOH in deionized
water.

The addition of 1.6% phenol-15EO to 0.2% NaOH in the chemical formulation
drastically changed the rheological properties while the physical properties did not
change significantly. At low shear rates of ¥ < 0.1 s~1, both the emulsion prepared with
0.2% NaOH and the emulsions prepared with 1.6% phenol-15EO to 0.2% NaOH showed
similar behavior. However, at higher shear rates of ¥ > 0.1 s™1, the emulsion prepared
with 1.6% phenol-15EO and 0.2% NaOH showed viscosities that were up to three times
lower than the viscosities of emulsions prepared with only 0.2% NaOH. Because
ethoxylated co-solvents partition preferentially to the interface between oil and water
[Chang (2014)] and make the interface more flexible [Taghavifar (2014)], the heavy oil
droplets may be able to deform at high shear rates with less energy, resulting in lower
viscosities and a lower shear induced yield stress. Fortenberry et al. (2013) observed that
the interfacial viscosities between heavy oil and alkaline brine decreased by an order of
magnitude when 3% IBA-10EO co-solvent was added to the alkaline brine.

While the co-solvent alone with the NaOH did not significantly affect the
emulsions viscosity at low shear rates of y < 0.1 s™1, adding 1.2% NaCl to the chemical
formulation of 1.6% phenol-15EO and 0.2% NaOH drastically reduced the emulsion

1

viscosities at low shear rates of y < 1s~ . Emulsions with up to 100 times lower

viscosities at low shear rates and 10 times lower viscosities at high shear rates were
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observed when both phenol-15EO and NaCl were added to the chemical formulation used
to prepare 80% heavy O/W emulsions.
The effect of NaCl concentration with 1.6% phenol-15EO and 0.2% NaOH on the

rheological properties of 80% oil B and 80% oil D emulsions is explored in Fig. 5.33.
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Higher NaCl concentration in the chemical formulation lowered the emulsion
viscosities at all shear rates. The viscosity reduction was more significant at lower shear
rates. Emulsions prepared with higher NaCl concentration increased ¢,,, which may have
contributed to the lower viscosities of the emulsions. However, the increase in ¢,, is not
enough to explain the drastic decrease in emulsion viscosities with higher NaCl
concentration observed in Fig. 5.33. Lower interfacial tension may also contribute to the
lower viscosities of emulsions prepared with a higher NaCl concentration. The
interfacial tension of the heavy O/W emulsions are lower as the NaCl concentration
approaches the inversion salinity from O/W to W/O with ultra-low interfacial tension
achieved at the inversion point.

The d32 and ¢,, of 80% oil B emulsions before and after 3 hours of rheological
measurements (steady state, oscillatory, and transient) are measured to test the stability of

emulsions against shear.

Table 5.3:  Physical properties of 80% oil B emulsions before and after rheological
measurements. Emulsions are prepared with 1.6% phenol-15EO, 0.4%
NaOH, and 0.1-1.4% NacCl.

Before rheological After rheological
measurements measurements
NaCl ds2 (pm) Pm ds2 (pm) Pm
concentration
0.1% 14.3 0.8 13.8 0.81
0.4% 13 0.81 9.8 0.82
0.8% 8.9 0.92 8.2 0.94
1.2% 8.9 0.9 12.5 0.91
1.4% 20.7 0.92 20.6 0.9

The ds2 and ¢, of 80% oil B emulsions in Table 5.3 did not change significantly after
rigorous rheological measurements. This suggests that the emulsions were stable against

shear for the rheological tests outlined in Experimental Procedures Section.
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Changing the type of ethoxylated co-solvents in the chemical formulation used to
prepare heavy O/W emulsions did not have a significant effect on the rheological
properties. Flow curves of 80% oil B emulsions prepared with 1.6% IBA-15EO and

1.6%Phenol-15EO and mixed in 60°C and 96°C oven are shown in Fig. 5.34.
2) 100 b) 100 ¢

]

10 - 10 |

— ©
£ &1
" .
] r o
c\ﬁddd ® Rough Plate 1mm gap - M‘Odf ® Rough Plate 1mm gap
0.1 E d\)\,w’ © Smooth Plate 1mm gap (- S O Smooth Plate Imm gap
e —HB 142 F —HB 142
Slip Model F Slip Model
0.01 Lo T Y S T S I T TR 0.01 TV TV . sl
0.0001  0.001 0.01 01 10 100 0.0001  0.001 0.01 01 . 10 100
Yaopr ¥ (571) Yapp ¥ (571)
c) 100 ¢ g) 100 ¢
10 - 10 ¢
— ©
a 1 (S
= 3]
[ e
.
® Rough Plate 1mm gap I OOC)L’ ® Rough Plate 1mm gap
01 - O Smooth Plate 1mm gap 01 O;)U‘) O Smooth Plate 1mm gap
A —HB 142 e° —HB 142
e
o0 Slip Model [ slip Model
0.01 T B AW T S WA Laiiai T i 0.01 m
0.0001 0.001 0.01 10 100 0.0001 0.001 0.01 10 100

0.1 0.1
Yappr ¥ (571) Yapp ¥ (57)

Fig. 5.34. tvs.y of 80% oil B emulsions prepared with 1.6% phenol-15EO 0.2%
NaOH 0.4% NaCl. a) B80-14: d3»=11.9um, ¢,, = 0.805, b) B80-13: d3,=26.7um, @,, =
0.78 and prepared with 1.6% IBA-15EO 0.2% NaOH 0.4% NaCl c¢) B80-1: d3;»=17.8um,
¢om = 0.81, d) B80-04: d3,=26.9um, ¢,,, = 0.75. Emulsions in a) and c¢) were mixed in a
60°C oven and emulsions in b) and d) were mixed in a 96°C oven.

The type of ethoxylated co-solvent used to prepare heavy O/W did not affect the
emulsion rheology significantly. The mixing temperature of the emulsions significantly
affected the emulsion rheology with lower emulsions viscosities observed when mixed in

an oven with a lower temperature. Emulsions that were mixed in a 60°C oven compared
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to a 96°C oven showed lower d3» and higher ¢,,. The flow induced yield stress was
negligible for emulsions mixed in a 60°C oven which resulted in a negligible or a very

small wall slip.

5.5 CONCLUSIONS

Heavy oil-in-water emulsions showed complex rheological properties such as
yield stresses, shear thinning behavior, time-dependent property, and wall slip. The
rheological properties of the emulsions are different depending on the dispersed oil
concentration.

Emulsions with dispersed phase heavy oil concentrations of ¢ < 60% showed the
following properties due to the percolating networks and clusters/aggregates formed by
attractive heavy oil droplets:

1. Shear thinning behavior

2. Higher viscosity than what Pal (2001) equation predicts for emulsions.

3. Ayield stress

4. Wall slip was observed just above and below the yield stress.
The non-Newtonian fluid properties observed with attractive heavy oil emulsions with
@ < 60% are not usually observed with repulsive emulsions.

Concentrated emulsions with attractive interdroplet interactions showed
rheological properties not observed with concentrated emulsions with repulsive
interdroplet interactions and attractive heavy oil-in-water emulsions with lower oil
concentrations (¢ < 60%).

1. Time-dependent rheological property at low shear rates where emulsion viscosity

increased as it was sheared longer (rheopectic).
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2. Two-step yielding behavior with a traditional yield stress and a flow induced yield
stress.
3. Two-step wall slip behavior observed near the two yield stresses.
The two-step yielding and two-step wall slip behaviors of concentrated heavy oil-in-
water emulsions with attractive interdroplet interactions were observed for the first time
in the literature.

A modified Herschel-Bulkley equation accurately modeled the viscosity of heavy
oil-in-water emulsions as a function of shear rate. The equation can be used for heavy
oil-in-water emulsions of all dispersed phase concentration.

A wall slip equation was derived to model the wall slip behavior of heavy oil-in-
water emulsions. The equation can model the wall slip velocity of heavy oil emulsions
with two-step yielding behavior. The second region of wall slip is due to the presence of
the flow induced yield stress. The shear induced yield stress can be measured by
analyzing the wall slip velocity.

Heavy oil-in-water emulsions showed lower viscosity when prepared with a
chemical formulation that included:

1. An alkali

2. A ethoxylated co-solvent such as IBA-xEO and phenol-xEO

3. A high NaCl concentration
The effect of the heavy oil viscosity on the emulsion viscosity was found to be small.
With an optimized chemical formulation, heavy O/W emulsions with up to 75%
dispersed oil phase showed emulsion viscosities less than 350 cP at the operating
conditions for crude oil pipelines. Emulsions prepared with a chemical formulation that
was not optimized showed viscosities of ~350 cP with 55-60% dispersed oil phase.

Optimizing the chemical formulations used to prepare heavy oil-in-water emulsions
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improved the volume fraction of heavy oils that can be transported in an emulsified form

from 55-60% to 75% in pipelines.
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NOMENCLATURE
w Angular frequency of oscillation
Yapp Apparent shear rate

W, Critical angular frequency
Ye Critical shear rate

[0 Dispersed-phase volume fraction
n Flow behavior index

k Flow consistency index

) Interfacial tension

G" Loss modulus

¢m  Maximum close packing fraction possible for solid spheres
R3;,  Sauter mean radius of the droplets
d;,  Sauter mean diameter of the droplets

y Shear rate
YR Shear rate at the edge of the parallel plate
T Shear stress

Ty Sliding yield stress
|4 Slip velocity at /7, = 1
G, G, Strain and frequency independent storage modulus

y Strain rate

Typs  Stress where the flow induced yield stress emerges

G' Storage modulus

M Torque

W, Total interaction energy between oil droplets

Vo Total velocity of emulsion

K Viscosity ratio of dispersed-phase to continuous-phase
Uy Viscosity ratio of the emulsion to the continuous phase
Ui Viscosity where i = sus, d, ¢, emul represent suspension, dispersed, continuous,
and emulsion

|4 Velocity of bulk emulsion with no wall slip

Vs Wall slip velocity
Yy Yield strain
Ty Yield stress

ABBREVIATIONS
0/W Oil-in-water
W /0 Water-in-oil
HB  Herschel-Bulkley Equation
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Chapter 6: Viscosity Measurements of Concentrated Heavy O/W
Emulsions using Capillary Tube Viscometers

6.1 INTRODUCTION

Crude oil is transported under a pressure gradient through pipelines of varying
diameter and length. The rheological characterization of concentrated heavy oil-in-water
emulsions with the rotational shear viscometer works on the principal of a drag flow
between two plates. In Chapter 5, the rheological properties of heavy oil-in-water
emulsions were characterized and shown to depend on both the shear rate and flow
conduit dimensions. In this chapter, the rheology of heavy oil-in-water emulsions
measured with capillary tube viscometers is compared to the rotational viscometer
measurements. Various tube diameters and lengths were used to test the effect of tube
dimensions on the emulsion rheology.

The rheological properties of heavy oil-in-water emulsions were also found to be
extremely sensitive to the type of flow, a drag flow in a rotational viscometer and a
pressure driven flow in tubes. The apparent viscosity of concentrated heavy oil-in-water
emulsions were significantly lower in capillary tube viscometers compared to the
rotational viscometer measurements. While wall slip on the tube wall contributed to the
lower than expected pressure gradients, they were still significantly lower when wall slip
was eliminated. The lower than expected pressure gradients of heavy oil-in-water
emulsions in capillary tube viscometers may be caused by migration of oil droplets away
from the tube wall. Heavy oil-in-water emulsions showed up to ten times lower viscosity
in capillary tube viscometers than in rotational viscometers. Flow rates of concentrated
heavy oil-in-water emulsions in capillary tube viscometers (pressure driven flow) cannot
be predicted based only on the rheological properties measured with a rotational
viscometer (drag flow).
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6.2 LITERATURE REVIEW

A majority of the studies on heavy oil-in-water (O/W) emulsions used one of the
two flow types, drag flow or pressure driven flow, to characterize the emulsion
rheological properties. The rheological properties of concentrated heavy O/W emulsion
were measured with either a rotational viscometer with a Couette geometry [Acevedo et
al. (2001); Ahmed et al. (1999a), (1999b); Gutierrez et al. (2003); Hoshyargar and
Ashrafizadeh (2013); Romero et al. (2002), (2000); Sanchez and Zakin (1994); Zaki
(1997)], a rotational viscometer with a parallel plate/cone-and-plate geometry [dos Santos
et al. (2011); Hasan et al. (2010); Pal (1996)], or a capillary tube viscometer [Sanchez
and Zakin (1994); Wylde et al. (2012)]. Measurement geometries with smooth surfaces
were used in all these studies. Thus, the contribution of wall slip to the viscosity
measurements cannot be ignored. Rotational viscometers (drag flow) appeared to be the
preferred method for viscosity measurements of heavy O/W emulsions over tube
viscometers.  Accurate viscosity measurements using tube viscometers require a
significantly longer time and more effort compared to using rotational viscometers.

Several key studies have been conducted that compared the rheological properties
of concentrated heavy O/W emulsions measured using a rotational Couette viscometer
and a tube viscometer [Gillies and Shook (1992); Layrisse et al. (1985); Nufiez et al.
(1996); Sumner et al. (1998); Wyslouzil et al. (1987)]. The studies indicated that some
heavy O/W emulsions showed lower pressure gradients in tube viscometers than the
values predicted using measured viscosities from a Couette viscometer. Sumner et al.
(1998) summarized the experiments and concluded that the heavy O/W emulsions that
showed lower pressure gradients than expected in tube viscometers were due to oil

droplet migration away from the tube wall.
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Experiments have shown that particles in colloidal suspensions experience shear —
induced migration if exposed to inhomogeneous stress or shear fields. Gadala-Maria and
Acrivos (1980) first noticed a decrease in concentrated sphere suspension viscosity over a
period of time when measured with a Couette viscometer. Leighton and Acrivos (1987)
demonstrated that this phenomenon of transient viscosity behavior of a neutrally buoyant,
non-Brownian, concentrated suspension was due to shear-induced migration of particles
out of the sheared Couette gap into the fluid reservoir at the bottom where shear rates are
lower compared to the gap. The observed migration direction is from regions of high to
low shear rates/stresses. Hookham (1986) and Koh et al. (1994) showed experimental
evidence that a pressure-driven flow of sphere suspensions in rectangular channels also
show particle migration away from the walls accompanied by flattening of the velocity
profile compared to Newtonian fluids. Particle migrations in a pressure-driven flow of
Brownian colloidal suspensions have also been experimentally observed by Frank et al.
(2003). Particle migration resulted in lower viscosity for Couette geometry over time
because of a lower particle concentration within the gap compared to the initial particle
concentration.

The topic of particle migration in rotational flow between parallel plate and cone-
and-plate geometries is more complex. Chow et al. (1994) observed particle migration of
neutrally buoyant spherical particle suspension in a Couette geometry, but they observed
no particle migration in a parallel-plate geometry regardless of its inhomogeneous shear
field. However, experimental studies of particle migrations in parallel plate geometries
have been published. Krishnan et al. (1996) proposed that in plate geometries, such as
parallel plates and a cone-and-plate, the curved streamlines caused particle migration
toward regions of lower curvature. The shear rate inhomogeneity in parallel plates results

in particle migration toward the center of the plates while the curved streamlines result in
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particle migration away from the center of the plates. If both forces are equally strong,
no particle migration is observed in parallel plates. Merhi et al. (2005) showed
experimental evidence of outward particle migration in concentrated suspensions
measured with a parallel plate geometry. They showed that the curved streamline effect
is stronger than the shear rate inhomogeneity effect, resulting in a higher concentration of
particles away from the center of the plates. They also reported that a significantly longer
migration time was required to reach a steady state particle concentration profile with a
lower particle concentration gradient observed in a parallel plate geometry compared to a
Couette geometry. This could be a possible explanation as to why Chow et al. (1994)
didn’t observe any particle migration in a parallel plate geometry for his experiments.

King and Leighton (2001) and Hudson (2003) demonstrated that emulsion
droplets also migrate when exposed to a heterogeneous shear/stress field similar to hard
sphere suspensions. Norman et al. (2005) demonstrated that buoyancy (relative density
of dispersed to continuous phase) also has a significant effect on particle migration in a
pressure-driven flow through tubes.

The bulk dispersed-phase concentration ¢;,;, as well as the ratio of particle
radius to the flow dimension radius a/R influenced the magnitude of particle migrations.
Hampton et al. (1997) demonstrated experimentally that particle migration in pressure-
driven tube flow of neutrally buoyant sphere suspensions is a strong function of @p,k.
They observed that negligible particle migration occurred for ¢y, = 0.1. For @y =
0.2, particle migration was observed with the magnitude of ¢ (r) gradient increasing with
higher ¢, values. NMR images of particle concentration profiles in the tube flow

experiments from Hampton et al. (1997) are shown in Fig. 6.1.
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Fig. 6.1: NMR ¢(r) images of initial (left) and fully developed (right) flows for
a/R = 0.0256 and @, of (a) 0.2, (b) 0.3, and (c) 0.45. a is the particle radius and R
the tube radius. No particle migration observed for ¢,,;x = 0.1. Images obtained from
Hampton et al. (1997).

To accurately characterize ¢ (r) profiles in tubes, steady state flow profiles must

be achieved. The entrance length required to reach steady state ¢ (r) profiles in tubes is a
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complex function of flow conduit dimensions and suspension properties. Nott and Brady
(1994) derived an equation to estimate the characteristic length required to reach steady

state laminar flow for suspensions:

—_—~

zLe 12(11((p) (S)Z (6.1)

where L is the length of a pipe, a the particle radius, R the radius of a tube, and d(¢) a

non-dimensional function of ¢. For dense suspensions of ¢ > 0.3, the value 12d(¢p) =
1. The L/R required for suspensions to reach steady state laminar flow in tubes is much
longer compared to Newtonian fluids.

Indirect evidence of heavy oil droplet migration in tubes can be found. Salager et
al. (2001) stated that according to the Orimulsion® study, the measured field pressure
drops in the pipeline were systematically lower than the ones predicted from the
rheological properties measured in a Couette viscometer. Nuiez et al. (1996) found that
concentrated heavy O/W emulsions (¢ = 0.8) in a tube flow showed evidence of a
transitional flow pipe length with higher pressure drop measured for the first half of a
tube compared to the second half. They also found that the difference in the pressure

drop between the two halves of the tube increased as the mass flow rate increased.
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Fig. 6.2: AP vs.m relationship for a concentrated heavy O/W emulsion (¢ = 0.8).
Leg 1 and leg 2 refer to the first and second half of one continuous tube with D =
21.7 mm. Figure obtained from Nufiez et al. (1996).
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The observations made by Salager et al. (2001) and Nufiez et al. (1996) showed
characteristic behaviors of oil droplet migration away from the tube wall: a long
transition tube length necessary to reach a steady state ¢ profile and a lower steady state
viscosity in capillary tube viscometers compared to rotational viscometer measurements.
There are few experimentally measured ¢ profiles in the literature for flow of
concentrated heavy O/W emulsions in capillary tubes. Gillies and Shook (1992) showed
evidence of droplet migration for concentrated heavy O/W emulsions with d = 120 um
using velocity profile measurements. Heavy O/W emulsions showed lower apparent
viscosities compared to the rotational viscometer measurements. Also, the tube
viscometer flow of heavy O/W emulsions showed flatter velocity profiles than the
velocity profiles of a homogeneous emulsion, which is evidence of droplet migration
towards the center of tubes. However, Layrisse et al. (1985) and Sumner et al. (1998)
demonstrated that concentrated heavy O/W emulsions with d = 30 um showed velocity
profiles very similar to Newtonian fluids with no significant variation in viscosities
measured with a Couette viscometer and a tube viscometer. Direct measurements of
velocity profiles of heavy O/W emulsions appeared to suggest that the mean droplet size
is a critical emulsion parameter that controls droplet migration in tubes. It is not clear
whether heavy O/W emulsions with a small mean droplet diameter do not show
significant droplet migration in tubes or the tube length required to observe a steady state
flow was not achieve in the experiments. According to Eq. 6.1, 16 times the tube length
is required to achieve a steady state flow for emulsions with d = 30 um compared to d =
120 ym. All the heavy O/W emulsions were prepared with ethoxylated nonionic
surfactants. Contrary to other results reported in the literature, Wyslouzil et al. (1987)

showed experimental results that heavy O/W emulsions with d = 5 — 10 um prepared
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with NaOH, unlike ethoxylated nonionic surfactants, showed evidence of droplet
migration in a tube viscometer.

Concentrated heavy O/W emulsions with large droplets (d = 120 um) are not
stable and thus not suitable for pipeline transportation where fluid residence times can be
days if not weeks. On the other hand, literature suggests that heavy O/W emulsions with
small droplets (d = 30 um) do not show evidence of droplet migration in tubes, with no
benefit in viscosity reduction observed from the droplet migration away from the tube
wall.

Since the heavy O/W emulsions prepared in this study formed large oil droplet
aggregates with aggregate sizes much larger than individual mean droplet diameters,

heavy oil droplets may migrate toward the center of the tube in tube viscometers.

6.3 THEORY AND CALCULATIONS

Shear stress vs. shear rate of non-Newtonian fluids in a pipe

Capillary tube viscometers work on the principle of a pressure-driven flow.
Pressure gradient vs. mean flow velocity (VP vs. v) are the measured data that are used to
calculate T vs.y and p vs.y relationships of the sample fluid. The equations [Chhabra
and Richardson (2011)] used to calculate the y and p of the emulsions samples are
defined below. The shear rate at the wall 3, of a circular conduit can be derived for

fluids exhibiting Newtonian behavior:

__ 8

Yw =7 (6.2)
where v is the mean velocity in a tube and D the tube diameter. For non-Newtonian
fluids, a modification of Eq. 6.2, the Rabinowitsch-Mooney equation, can be used to

quantify the ¥, of fluid flow in circular conduits:
. _ (8 (3n'+1
w=(5) () 63)

199




where n' is the apparent flow behavior index. The assumptions below are made to derive
Equations 6.2-3:

e Steady state laminar flow.

e Time independent fluid properties.

e No wall slippage.

e Incompressible fluid

e Negligible end effects because of large L/D

The shear stress experienced at the tube wall can be expressed as a function of the

pressure gradient:
;= Dbap
LAY

(6.4)

The tube flow parameters, apparent flow consistency index (k'), and apparent flow
behavior index (n') of fluid samples can be determined from experimentally measured
data of AP vs. v. The n' value for each data point is calculated by finding the derivative

of In(t,,) vs. In(y):

; _ din(ty) _ diIn(DAP/4L)
d In(y) d (%)

(6.5)

The tube flow parameters, n and k, and yield stress of the fluid t,, can be estimated for a
range of y,, by fitting the measured data of t,, vs.y,, to the Herschel-Bulkley equation
below:
Ty =Ty + k" (6.6)
The viscosity at the tube wall is calculated using the following relationship, u,, = T, /Y-
=72+ k" 6.7)
Wall slip correction in tube viscometers

The traditional method of characterizing wall slip with tube viscometers is to

measure the rheological properties of emulsions using tubes of varying radius. The
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Mooney (1931) method is used to analyze the presence and quantity of wall slip in tube

viscometers. Mooney used the following expressions to characterize fluid flow with wall

slip:

Q = Q, + Q,,,, at constant T, (6.8)
8v % 8vns

> = + P at constant 7, (6.9)

where Qg is the volumetric flow rate contribution due to wall slip, Q,s the volumetric
flow rate contribution due to bulk fluid flow, vs the mean velocity contribution due to
wall slip, and v,,¢ the mean velocity contribution due to bulk fluid flow. The second term
on the right hand side of Eq. 6.9 is constant for all D at a constant 7,,. Thus, the v at a
constant T, can be calculated from the slope of 8v/D vs. 1/D using measured data from
tube viscometers of various radii. Evaluating the vy for a range of t,,, the vs vs. 1,
relationship can be measured. Wall slip corrected y,, is defined as:

iy = 8 (v;vs) (3n’+1) (6.10)

4n'!

d In(ty)
= —— 6.11
n d ln(s(v;vs)) ( )

The y,, and p,, of emulsions with no wall slip correction is termed the apparent shear rate
at the wall y,,, 4, and apparent viscosity at the wall p, 47y -

Alternatively, the vgvs.t, relationship can be measured for heavy O/W
emulsions using the method outline in Chapter 5 with smooth and rough parallel plates.
The v, vs. 1,, relationship from the parallel plate measurements can be used to correct for
wall slip in a tube viscometer.

Characteristic entrance length required for steady state flow in a tube
The equation derived by Nott and Brady (1994) was used to estimate the

transitional tube length required to reach a steady state flow of emulsions. Eq. 6.1 was
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slightly modified by using the expression 12d(¢) = 1 mentioned by Nott and Brady
(1994):

Lo1(2) 5> 03 (6.12)

where D is the dimeter of the tube and d the average dimeter of the emulsion droplets.
The tube dimensions required for fully developed flow for various emulsion drop

diameters of emulsions are plotted below using Eq. 6.12.
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Fig. 6.3: Lss/D required for suspensions to reach fully developed flow for various

tube D and emulsion droplet d. Generated using Eq. 6.12.

Fig. 6.3 is used to provide a starting point for the design of tube viscometers to
measure the steady state flow rheological properties of heavy O/W emulsions. The trend
described by Fig. 6.3 suggested that larger Lgg/D values are obtained for T D and | d.
Since the heavy O/W emulsion samples prepared in this study formed aggregating
structures due to the attractive interaction between the heavy oil droplets, the effective
aggregate diameter is much larger than the individual droplet diameter (dgg4 > d). This
may significantly reduce the Lgs/D for heavy O/W emulsions depending on the dggg.
Fig. 6.3 also implied that for major crude oil pipelines with D > 0.3 m, Lgs is extremely

large and the flow may never reach a steady state profile. For a case of D = 0.6 m and
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d = 50 um, a value of Lgs = 42,000 km is obtained from Eq. 6.12. Such large Lgg
values are orders of magnitude longer than the length of pipelines between most pumping

stations and even the length of most major pipelines.

6.4 EXPERIMENTAL SECTION

The experimental setup of tube viscometers are described in this section. The
emulsion samples are prepared according to the procedure outlined in Chapter 3. The
chemicals used in the emulsion formulations are also listed in Chapter 3. Two different
types of tube viscometers are used for two separate experiments; (1) a single tube
viscometer is used to screen various emulsion formulations and (2) a single emulsion
formulation is tested with tubes of varying dimensions to quantify the effects of tube
dimensions.

Tube Specifications

Stainless steel tubes (306 and 306L) and fittings were purchased from Swagelok.

The dimensions of the tube viscometer used to screen emulsion formulations are listed in

Table 6.1.

Table 6.1: Tube viscometer A1 dimensions

Tube dimensions
Outer diameter (OD) 1.5875 mm

Inner diameter (ID) 0.8176 mm
Length 92.964 cm
L/ID 1137

The dimensions of the tube viscometers used to screen tube radii and lengths are

listed in Table 6.2.
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Table 6.2: Tube viscometer B dimensions

Tube B1 Tube B2 Tube B3 Tube B4

OD (mm) 1.5875 3.175 6.35 9.525
Section 1 ID (mm)  0.7035 1.419 3.141 7.036
L (cm) 38.74 69.85 152.4 609.6
L/ID 550 492 485 966
OD (mm) 1.5875 3.175 6.35
Section 2 ID (mm)  0.7071 1.417 3.163
L (cm) 38.74 69.85 152.4
L/ID 548 493 482
OD (mm) 1.5875 3.175 6.35
Section 3 ID(mm)  0.7069 1.419 3.149
L (cm) 38.74 69.85 152.4
L/ID 548 492 484
OD (mm) 1.5875 3.175 6.35
Section 4 ID (mm)  0.710 1.420 3.150
L (cm) 38.74 69.85 152.4
L/ID 549 493 484
OD (mm) 1.5875 3.175 6.35 9.525
Total ID (mm)  0.70 1.420 3.140 7.036
L (cm) 155 279.4 609.6 609.6
L/ID 2200 1974 1939 966

Pressure taps are drilled into tubes to measure the effect of tube length. Drilled pressure
taps eliminate possible fluid mixing that occurs when valves are used to connect separate
tubes. The drilled tubes are threaded through three-way connectors to seal and connect to
pressure transducers. A single straight viscometer with four sections were created with
this method.
Tube Viscometer Setup

Rosemount 3051 Pressure Transmitters were connected to the inlet, outlet, and
pressure taps of the tube viscometer using three way fittings to record the sectional
differential pressure along the tubes. The pressure transmitters were calibrated and a
range of appropriate differential pressure limits was set according to the range of

emulsion flow rates. Viscosity standards (50, 100, 200, and 500 mPa*s) from NL Baroid
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were injected through the tube to calibrate the tube viscometer based on differential
pressure readings, flow rates, and tube dimensions. Accurate IDs of the tubes in Tables
6.1-2 are obtained from the viscosity standard calibrations. The ID of the tubes were
within +5% of the values reported by Swagelok.

A 500D syringe pump from Teledyne Isco was used to displace emulsion samples
in a glass column through the tube viscometer at constant flow rates. Light mineral oil is
used to displace the emulsion sample in the glass column. Mineral oil is inject through
the top of the column because of its lighter density compared to the emulsions. The tube
viscometer is filled with 0.1% NaCl water before the emulsion enters the viscometer.
The steady state pressure drops are recorded for a range of flow rates. Flow rates are
tested to make sure there are no leaks in the setup. Pressure drops are measured from the
highest to the lowest flow rates (downward sweep of flow rates). Only steady state
pressure drops are recorded. All emulsion samples are measured at a standard condition

of 23°C £+ 2. Fig. 6.4 shows an illustration of the tube viscometer setup.
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316L SS Pipe

ﬁ a)

Drilled Holes for Pressure Readings

b)

Section 1 Section 2 Outlet

DPT=Differential Pressure Transducer

Fig. 6.4: [lustration of the tube viscometer setup. a) A 306L SS tube of a certain
length has 3 small holes drilled into for pressure readings. b) The tube is threaded into
three-way connectors and connected to differential pressure transducers to record the
pressure gradient for four tube sections.

Tube Viscometer Cleanup Procedure
After an emulsion sample is tested, the tube viscometer and pressure lines are

cleaned thoroughly using the following procedure.

1. Flush out the emulsion from the tube and pressure lines with 0.1% NaCl brine.
Clean out any residual crude oil present in the tube with toluene/hexane
mixture.

3. Displace all the toluene/hexane in the tube and pressure lines with 0.1% NaCl
brine.

6.5 RESULTS AND DISCUSSIONS

The results section is divided into two sections: 1) the effect of tube dimensions
and 2) the effect of emulsion formulation on the heavy O/W emulsion viscosity in

Poiseuille flow.
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6.5.1 Effect of Pipe Viscometer Dimensions

The four tube viscometers in Table 6.2 were setup according to the illustration in
Fig. 6.4. The viscosity standard (4 = 48.5 cP at 21 °C) calibration plots for the four tube
viscometers in Table 6.2 are shown in Appendix (Table A6). The AP vs. v relationship
with the calibration liquid is also used to verify the accuracy of the pressure transducers
at low AP and v.

The heavy O/W emulsion tested has the following composition and properties.

Table 6.3:  Emulsion B80: Droplet size, rheological, and wall slip properties are listed.
The rheological and wall slip properties were measured using parallel plates
with h=1mm at 22°C.

Emulsion Properties Rheological Model Wall Slip Model

Oil Conc. (vol%) 80% Qil B | ny 0.5 | ty1 (Pa) 0.02

Aqueous Conc. (vol %) 20% | ki 3.16 | ty2e (Pa) 5.25

. 1.6% ph15EO | 1,1 (Pa) 0.02 | ty2s (Pa) 2.1

‘(L\Vjt“i/i’)”s Composition 0.2% NaOH | n; 0.95 | T (Pa) 0

) 0.8% NaCl | k 1.35 | Vi1 (um/s) 0.25

das (um) 26.7 | 1y2 (Pa) 5.25 | Vy2 (um/s) 1375

ds; (um) 18.5 | yy () 0.84 | E 2
Om 0.79

Fig. 6.5 shows the parallel plate viscosity measurements of the 80% oil B emulsion.
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Fig. 6.5: Measured u and y (rough parallel plate) and p,p,, and ¥,y (smooth parallel
plate) for 80% oil B emulsion at 22.5 °C + 0.5. The subscript app indicates the presence

of wall slip contributing to flow.
The 80% oil B emulsion showed the typical two-step yielding behavior observed in
Chapter 5 for concentrated heavy O/W emulsions. Significant wall slip is observed at
0.003s7" > ¥,¥4pp and 0.157' <y,¥g,, <105~ Shear thinning behavior is
observed for 20 s~ > y and Newtonian behavior for 20 s~! < y with u ~ 1,000 cP.
The viscosities of the same 80% oil B emulsion is measured with Tube B1-4. The
measured AP vs. v data is presented in Appendix (A7). Fig. 6.6 shows the u qpp Vs.
Yw,app Calculated from the measured AP vs. v data for each tube viscometer and their

sections. The subscript app indicates the presence of wall slip contributing to flow.
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Fig. 6.6: The effect of tube viscometer length on the uy, 4y VS. Vi, app relationship of

80% oil B emulsion for tubes of four different diameters. Wall slip elimination was not
implemented. Measured at 23 °C + 2.

The L/D ratio appeared to have no significant effect on the emulsion viscosity for
tubes B1-B3 in increments of L/D =~ 500. The exception is tube B2 section 4 that
showed ~50% higher viscosity at high ¥,, 41, than the other three sections. This is most
likely an experimental error and not a property of the emulsion flow since the other two
tubes showed no similar behavior. With Eq. 6.12 and d = 20 um, the expected Lgs/D
values for tubes B1-4 are calculated to be ~600, ~2600, ~12,000, and ~60,000
respectively. However, the data in Fig. 6.5 indicated Lgs/D <« 500 for tubes B1-3 and
L¢s/D < 1,000 for tube B4. Attractive heavy O/W emulsions showed Lgg/D values that
are orders of magnitude lower than what Eq. 6.12 predicted. The heavy oil droplet
aggregates with d,,, > d may be the reason for lower than predicted Lgs/D. The results
imply that steady state flow profiles of heavy O/W emulsions may be achieved in major

pipelines with reasonable pipe length, unlike what Eq. 6.12 predicted.
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The results in Fig. 6.6 for the sections of tubes B1-4 are averaged and plotted in Fig. 6.7.
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Fig. 6.7: The effect of tube viscometer diameter on the p, gy VS. Vi app relationship

of 80% oil B emulsion. The py, qpp VS. Viv,app data were calculated based on the total
length of the tube viscometers B1-4. Wall slip elimination was not implemented.
Measured at 23 °C &+ 2.

Fig. 6.7 showed up to 10-fold lower viscosities compared to the rough parallel plate
measurements in Fig. 6.5. Two questions that must be answered are:
1. Is the lower viscosity measured in tube viscometers only due to wall slip or is
there a contribution due to droplet migration away from the tube wall?
2. Can the wall slip velocity measurements from the parallel plate viscometers be
used to correct for wall slip in tube viscometers?

The Mooney (1931) method of wall slip correction was used to analyze wall slip
velocity for the 80% oil B emulsion in Fig. 6.6. Figs. 6.8-6.9 show results of the wall slip
velocity analysis. The wall slip measurements from the parallel plate method is also
plotted in Fig. 6.9. The mean velocity at specific t,, values in Fig. 6.8 were calculated

with the linear interpolation method between two adjacent measured data points.
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Fig. 6.8: The 8v/D vs.1/D relationship based on Eq. 6.9 for the 80% oil B emulsion
data in Fig. 6.7. The slopes of the linear fit lines represent 8v;.
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Fig. 6.9: The vs vs. 1, relationship plotted for the 80% oil B emulsion in Table 6.3.
Blue circles are the measured slip data from rough and smooth parallel plates. Black
triangles are the wall slip data extracted using the Mooney method from tube viscometer
data in Fig. 6.8. The blue line is the wall slip model derived in Chapter 5.
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In Fig. 6.9, vs vs. 1, measured with tube viscometers and with parallel plates (rough and
smooth) showed a very good agreement and similar trends. This suggests that the
vs vs. T, relationship measured with parallel plates can be used to eliminate the wall slip
effect of heavy O/W emulsions present in the tube viscometer data. A significant amount
of time can be saved because characterization of slip behavior requires a fraction of the
time with parallel plates compared to tube viscometers. Also, with parallel plates,
accurate characterization of wall slip behavior is possible at very low shear rates and
stresses whereas tube viscometers cannot be used because of unmeasurably low pressure

drops. The vs/v vs. 1, relationship is plotted:
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Fig. 6.10: The vg/v vs.t,, relationship for the tube viscometer and parallel plate
measurements.

Fig. 6.10 showed the expected trend for vg/v vs.t,, with tube viscometers. Higher the
diameter of the tubes, the less wall slip contributed to the flow of 80% oil B emulsion in

tubes. The flow induced yield stress, 7,,, for the emulsion is also present when measured

with tube viscometers, according to the emergence of wall slip for 0.5 < 7, < 40 Pa.
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Tube viscometers could not be used to accurately measure pressure drops at very low
flow rates to observe wall slip at 7,, near 7,,; = 0.02 Pa. The contribution of wall slip to
flow for tube viscometers and parallel plates showed qualitative agreements. However,
the magnitude of wall slip contribution to emulsion flow between the two measurement
geometries showed inconsistency when factoring in the dimension of the flow conduit.
Parallel plate wall slip measurements with h = 1mm should fall in between the tube
viscometer measurements with ID = 0.704mm and ID = 1.42mm. But, the tube
viscometer measurements showed significantly lower vg/v values compared to the
parallel plate measurements, suggesting the bulk emulsion flow velocity in tube
viscometers are significantly higher than what was predicted with the parallel plate

rheological measurements.

Wall slip velocities, measured with the tube viscometers and parallel plates, are
subtracted from the data in Fig. 6.7 to estimate the bulk emulsion rheological properties

with no wall slip.
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Fig. 6.11:  The effect of tube viscometer diameter on the y,, vs. ¥, relationship of 80%
oil B emulsion. The p,, vs. ¥, data were calculated based on the total length of the pipe
viscometers. Wall slip velocities were subtracted from the flow rates to show no-slip
bulk fluid rheological properties. Left: Mooney wall slip correction method. Right:
Parallel plate wall slip correction method proposed in Chapter 5.
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The p,, vs. y,, relationship with the Mooney wall slip correction method and parallel
plate correction method showed comparable results. However, the parallel plate wall slip
correction method resulted in a slightly more scatter for the tube with ID=1.42 mm

around ¥, =5 — 10 s71.

For 20 s~1 > y,,, the no-slip viscosities showed up to 50%
higher values compared to with-slip viscosities within the range of y,, tested. For
20 s71 <y, the contribution of wall slip to flow is negligible and both the slip and no
slip viscosities were very similar. The wall slip resulted in lower uy, 4y, €specially for
the tube viscometer with the smallest dimeters (ID=0.704, 1.42 mm).

Fig. 6.12 compares the no-slip, u,, vs. ¥, parallel plate measurements to the no-

slip tube viscometer measurements of the 80% oil B emulsion.
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Fig. 6.12:  The effect of flow types, drag flow (parallel plates) and pressure-driven flow
(tubes), on the a) 7, vs. ¥y, Yw,am and b) w,, vs. ¥, Yy am relationship of 80% oil B
emulsion.  y,, 4 represents the wall shear rate with droplet migration in tube
viscometers. Wall slip has been eliminated from both the parallel plate and tube
viscometer measurements. Measured at 23 °C £ 2.
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Even with wall slip eliminated, the y,, vs. ¥, comparison in Fig. 6.12 between
the two flow geometries showed a tremendous difference, with the tube viscometer data

showing up to a 10-fold lower u,, for 0.3 <7y, < 200s71.

The significant variation in
the w,, vs. y,, relationship between the parallel plate and tube viscometer measurements
was attributed to the migration of heavy oil droplets away from the tube wall caused by
the inhomogeneous shear/stress field. The 80% oil B emulsion y,, vs. ¥, data measured
with tube viscometer is similar to the no-slip parallel plate measurements of ~70% oil B
emulsion. Since the viscosity of the emulsion near the tube wall contributes (r/R > 0.9)
the most to the emulsion flow rate, the ¢ (r/R) profile in the tube viscometers for 80%
oil B emulsion can be qualitatively estimated to be ¢ = 0.7 for r/R > 0.9 and ¢ > 0.8
for r/R < 0.25. Also, the magnitude of droplet migration did not change as the tube
diameter increased (D = 0.7 - 7 mm), suggesting that droplet migration is not a
function of pipe diameter.

The following equation was used to shift the y,, of tube viscometer measurements
with droplet migration to match that of the parallel plate measurements.
V/¥wam = aTw/p (6.13)
where ¥y, 4m 1s the wall shear rate with droplet migration, p the density of the emulsion,
and a a fitting parameter with units of s/m. a = 0.4 for the 80% oil B emulsion in Fig.
6.12. The term /7, /p is the shear velocity, also called friction velocity, at the wall.
Shear velocity is used to describe shear-related motion in moving fluids such as sediment
transport in turbulent flows [Hsu et al. (2007); Le Hir et al. (2007)]. Fig. 6.13 showed
the agreement between the parallel plate and tube viscometer measurements of t,, vs. ¥,

when Eq. 6.13 was used to correct for droplet migration in tube viscometers.
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Fig. 6.13: 7y, VS. Yy, Yw,am measured with parallel plates and tube viscometers. y,, g

represents the wall shear rate with droplet migration in tube viscometers. Wall slip was
eliminated. Eq. 6.13 was used to a) eliminate droplet migration from the tube viscometer
measurements and b) include the effect of droplet migration to the HB model of the
parallel plate measurements with a = 0.4.

Similar to the experiments by Wyslouzil et al. (1987), the 80% oil B emulsion

showed evidence of droplet migration with small mean droplet size (d < 30 um). This is

in contrast to the studies of Sumner et al. (1998) and Gillies and Shook (1992) that
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showed that heavy oil droplets with smaller droplet diameters (d = 30 um) showed no
evidence of droplet migration while with large droplet diameter (d =~ 120 um) showed
evidence of droplet migration. Since the emulsion droplets in our study are attractive in
nature and form aggregate structures with dg 44 > d, the necessity of large mean droplet
diameter for droplet migration appears to be satisfied with large droplet aggregates while

still possessing the emulsion stability afforded by smaller mean droplet size.

6.5.2 Effect of Emulsion Formulation on Droplet Migration

The effect of chemical formulation on the rheological properties of heavy O/W
emulsions measured with tube viscometers are presented and discussed in this section.
First, the effect of oil type and oil concentration on the droplet migration in laminar tube
flow is investigated. Fig. 6.14 shows the rheological properties of 80% oil A emulsion
(Table 6.4) measured with parallel plates and tube viscometer. Rough parallel plate

geometry was used to eliminate wall slip and the wall slip behavior characterized with the

parallel plate geometry was used to eliminate wall slip in the tube viscometer.
Table 6.4: Emulsion A80: Droplet size, rheological, and wall slip properties are listed.
The rheological and wall slip properties were measured using parallel plates
with h=1mm at 22°C.

Emulsion Properties Rheological Model Wall Slip Model

Oil Conc. (vol%) 80% Oil A | ny 0.5 | ty1 (Pa) 0.3

Agueous Conc. (vol %) 20% | ky 7.56 | ty2e (Pa) 4

" 1.6% ph15EO | 1y1 (Pa) 0 | ty2s (Pa) 1.6

’(L\vf,‘t“i;:)us Composition 0.2% NaOH | n; 0.76 | 1y (Pa) 0

) 0.8% NaCl | k, 3.2 | Vy1 (um/s) 0.005

das (um) 21.3 | 1y2 (Pa) 4 | Vyz (um/s) 1000

ds; (um) 14.6 | vy (s1) 0.106 | E 6
®m 0.76
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Fig. 6.14:  The effect of flow types, drag-driven (parallel plates) and pressure-driven
(tube), on the a) 7,, vs. Yy, Vwam and b) u, vs. ¥, 4m relationship of 80% oil A
emulsion (Table 6.4). ¥,, 4 represents the wall shear rate with droplet migration in tube
viscometers. Wall slip has been eliminated from both the parallel plate and tube
viscometer measurements. Measured at 23 °C £ 2 with A1l tube viscometer.

The results from Fig. 6.14 are very similar to the 80% oil B emulsion behavior seen in
Fig. 6.12 with up to a 10-fold decreased in the viscosity observed with the tube
viscometer measurements compared to the parallel plate measurements. Droplet

migration was eliminated in the tube viscometer data with Eq. 6.13
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Fig. 6.15:  The effect of flow types, drag-driven (parallel plates) and pressure-driven
(tube), on the a) 7, vs. ¥, and b) u, vs. y,, relationship of 80% oil A emulsion (1.6%
ph15EQO, 0.2% NaOH, 0.8% NaCl). Eq. 6.13 was used to correct for droplet migration
with a = 0.4. Wall slip has been eliminated from both the parallel plate and pipe
measurements. Measured at 23 °C £+ 2 with Al tube viscometer.

The effect of oil concentration on droplet migration in tube viscometers was
investigated with oil D emulsions (Table 6.5) in Fig. 6.16. Droplet migration eliminated

data is shown in Fig. 6.17.
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Table 6.5: Emulsion D40, D60, and D80: Droplet size, rheological, and wall slip
properties are listed. The rheological and wall slip properties were measured

using parallel plates with h=1mm at 22°C.

Emulsion Properties Rheological Model Wall Slip Model
Oil Conc. (vol%) 40% QilD | n; 0.5 | ty1 (Pa)
Aqueous Conc. (vol %) 20% | ki 0.0075 | ty2e (Pa)
. 1.6% ph15EO | 1,1 (Pa) 0 | Tty (Pa)
?vjt“i/‘:)us Composition 0.2% NaOH | n, 0.827 | t (Pa)
' 1% NaCl | k, 0.0114 | V1 (um/s)
das (um) 2.87 | 1y2 (Pa) 0.06 | Vy2 (um/s)
d32 (um) 1.89 | vy (s) 16.9 | E
Pm 0.83
Oil Conc. (vol%) 60% Oil D | ny 0.5 | ty1 (Pa) 0.01
Aqueous Conc. (vol %) 20% | ki 0.113 | Ty (Pa) 0.3
Aqueous Composition 1.6% ph15E0 | Ty1 (Pa) 0.01 | ty2s (Pa) 0.12
(wt. %) 0.2% NaOH | n; 1|ty (Pa) 0.002
1% NaCl | k2 0.05 | Vy1 (um/s) 1
das (um) 13.6 | 1,2 (Pa) 0.113 | Vy2 (um/s) 1500
ds; (um) 9.2 | 1y (s?) 0.09 | E 6
POm 0.81
Oil Conc. (vol%) 80% QilD | n; 0.5 | ty1 (Pa) 0.07
Aqueous Conc. (vol %) 20% | kq 1.39 | 12 (Pa) 3
Aqueous Composition 1.6% ph15E0 | 1y1 (Pa) 0.07 | Ty2s (Pa) 1.2
(wt. %) 0.2% NaOH | n; 0.835 | t5y (Pa) 0
1% NaCl | k; 1.43 | Vy1 (um/s) 0.65
das (um) 19.8 | ty2 (Pa) 3 | Vy2 (um/s) 550
ds; (pm) 14.1 | vy (sY) 0.62 | E 6
Om 0.76
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Fig. 6.16:

relationships of a) 40%, b) 60%, and c) 80% oil D emulsion (Table 6.5).

The effect of flow types,

T Fwam (87)

drag-driven (parallel plates) and pressure-driven
(tubes), on the 7, vs. ¥, Vwam (left column) and wu,, vs. Y, Vw,am (right column)

)/w,dm

represents the wall shear rate with droplet migration in tube viscometers. Wall slip has
been eliminated from both the parallel plate and tube viscometer measurements.
Measured at 23 °C + 2 with Al tube viscometer.
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Fig. 6.17:  The effect of flow types, drag-driven (parallel plates) and pressure-driven
(tubes), on the 1, vs. y,, (left column) and u,, vs. y,, (right column) relationships of a)
40%, b) 60%, and c¢) 80% oil D emulsion (1.6% ph15EO, 0.2% NaOH, ~0.8-1.0% NaCl).
Eq. 6.13 was used to correct for droplet migration with a = 54, a = 6, and a = 1 for
40%, 60%, and 80% oil D emulsions, respectively. Wall slip has been eliminated from
both the parallel plate and tube viscometer measurements. Measured at 23 °C + 2 with
Al tube viscometer.

Fig. 6.16 showed that 40% oil D emulsion had a very slight, if not insignificant viscosity
reduction in the tube viscometer compared to the parallel plate geometry. The 60% oil D
emulsion and 80% oil D emulsion samples showed up to a 3-fold, and 8-fold decrease in

viscosity with the tube viscometer compared to the parallel plate geometry, respectively.
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The droplet migration eliminated tube viscometer data matched well with the parallel
plate viscometer data.

The Krieger-Dougherty equation is used to analyze the effect of droplet migration
on viscosity reduction. Note that this is a qualitative analysis and the Krieger-Dougherty
equation cannot accurately model the viscosity of concentrated heavy O/W emulsions.
An assumption of a constant difference between the bulk dispersed-phase concentration

and dispersed-phase concentration near the pipe wall of 0.1 was made (Qpuix —

¢r/r=1 = 0.1). The following viscosity ratio (@ puix)/U(Ppuix — 0.1) is obtained.
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Fig. 6.18:  u(@pur)/ 1t (@puk — 0.1) vs. @puix relationship generated with the Krieger-
Dougherty equation. The ¢,, = 0.75 and p, = 1 cP were used.

The analysis with Fig. 6.18 agreed with the data in Fig. 6.16 that the viscosity
reduction caused by droplet migration is more significant at higher ¢. This is because

emulsion viscosities are more sensitive to ¢ at ¢ > 0.6.
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6.5.3 Effect of Chemical Formulation on Emulsion Viscosity

The effect of the chemical formulation used to prepare heavy oil emulsions on the
emulsion viscosity is studied with a capillary tube viscometer. Capillary tube viscometer
A1l was used to measure all the heavy O/W emulsions samples in this section. The heavy
crude oil emulsions were prepared with the preparation method mentioned previously in
Chapter 3. The composition of the emulsions are listed on the figures. The yy, qpp Vs.
Ywapp relationships are calculated from the pressure drop data measured with the
capillary tube viscometer for a sweep of flow rates. The contribution of wall slip to the
emulsion flow is included in the calculated uy, qpp VS. Viy,app- However, wall slip is only

1

significant for ¢ > 0.6 and y,, < 25s7".

6.5.3.1 Effect of heavy crude oil types and oil content on emulsion viscosity

The effect of the crude oil type and concentration on the fy qpp VS. Vi,app OF
emulsions are presented in Fig. 6.19. Four heavy oils are tested as well as oil

concentrations from 20% to 80%.
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Fig. 6.19 continued.

226



c) o o ] . .
100,000 0il C (% v/v) Ph-16EO (1.6% w/w aq.) NaCl (0.8% w/w

X X aq.) NaOH (0.2% w.w aq.)
- = -HB Model
10,000 X 100% Oil C
— ¢ 80% QilC
S o0 A 60%Oil C
9 ' B 40%OQilC
=) )
= : O 20%0ilC
='_ 100 - ”“0--0--—--0 ---------------
= ‘L
10 ; = A- - A- - A----- A - ==- -
] w-E---m----- B---------=-=---- =
R A 0
1 T T T T T T
0 25 50 75 100 125 150
Yw, Yuapp (57
d) 0il D (% v/v) Ph-16EO (1.6% w/w aq.) NaCl (0.8% w/w
10,000 % :;t(:.) NaOH (0.2% w.)v: aq.) _ _ -HB Model
X 100% Oil D
¢ 80% Qil D
2 1,000 A 60%OilD
o . B 40% Oil D
g | e __ © 20% Oil D
g % -- o ----- QY - ——— ...
< .
=
Ad--A--A----- O — A-
10 -
: &-w-----0--------=-=-=-=--- -
o--@0----- - == .
1 T T T T T T
0 25 50 75 100 125 150

YW, Yw,app (S-l)

Fig. 6.19: Uy app VS. Yw,app Of 20%, 40%, 60%, and 80% emulsion and 100% oil with
a) oil A, b) oil B, c¢) oil C, and d) oil D. Measured using the Al tube viscometer at
23°C# 2.
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The 20-40% oil emulsions showed Newtonian behavior and agreed with the viscosity
calculated using the Krieger-Dougherty equation (¢,, = 0.7). The 60-80% oil emulsions
showed extreme shear thinning behavior at low shear rates and weak shear thinning
behavior at high shear rates. Similar results have been observed in the literature by
Ahmed et al. (1999a); Nufiez et al. (2000); Romero et al. (2000, 2002). 80% O/W
emulsions prepared with four different heavy oils showed up to ten times lower
viscosities at ¥,, > 25 s~ ! (where minimal wall slip is observed) compared to the
viscosities of 80% O/W emulsions measured with the parallel plate geometry. All 80%
emulsions in Fig. 6.19 showed evidence of droplet migration with lower u,, 4., measured
with a capillary tube viscometer compared with a rotational viscometer. The crude oil
concentration in the emulsions had the largest effect on the emulsion viscosity out of all
variables tested, showing up to a hundred times difference in emulsion viscosities
between 20% and 80% O/W emulsions.

Regardless of the fact that the heavy oil viscosities varied from 9,000 to 310,000
cP at 10 s and 25 °C, the emulsions prepared with different heavy oils in Fig. 6.19
showed similar viscosities at the same ¢. The 80% oil D (uy; = 9,000 cP) emulsion
showed similar emulsion viscosities compared to the 80% oil A (u,;; = 300,000 cP)
emulsion. The viscosity of heavy oils had a minimal effect on the viscosity of emulsions.
On the other hand, the dilution method of transporting heavy oils requires a higher
diluent volume as the oil viscosity increases. This suggests that the emulsion method of
reducing heavy oil viscosity becomes economically competitive compared to the dilution
method when the heavy crude oil viscosity is higher.

6.5.3.2 Effect of co-solvent types and co-solvent concentrations on emulsion viscosity

The effect of the type of co-solvents included in the chemical formulations is

tested in Fig. 6.20.
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Fig. 6.20: Uy, app VS. Vw,app of 40% oil A emulsions prepared with various types of co-
solvents. Measured using the A1 tube viscometer at 23 °C + 2.

Fig. 6.20 showed that the heavy oil emulsions with similar viscosities can be prepared
using a variety of co-solvents. The Krieger-Dougherty equation (¢,, = 0.75 — 0.85)
predicted 40% O/W emulsion viscosity of u = 4 cP. Emulsions in Fig. 6.20 showed
slight shear-thinning behavior observed with higher u,, 4, than the predicted y =~ 4 cP.
This suggests that the oil droplets formed aggregate structures, increasing the effective
dispersed-phase concentration @.rr > @. The Krieger-Dougherty equation predicted
p = 6.5cP for @.rr ~ 0.45—0.5, implying that ~5% water is trapped within the
aggregate droplet structures. The emulsion prepared with 1.6% phenol-16EO co-solvent
also showed stronger shear thinning behavior compared to the emulsions prepared with
IBA or TEGBE.

The effect of phenol-16EO concentration on the emulsion viscosity for 40% and

80% oil A emulsions were tested in Fig.6.21.
229
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Fig. 6.21: Uy app VS. Vwapp of @) 40% and b) 80% oil A emulsions with varying
concentration of phenol-15EO co-solvent. 40% oil A emulsion with 1.6% phlI5EO
(d3; = 1.3 um and ¢,, = 0.86). 80% oil A emulsion with 1.6% ph15EO (d3, = 16 um
and ¢,, = 0.74). 80% oil A emulsion with 3% phl15EO (d3, = 15 um and ¢,, = 0.75).
Measured using the A1 tube viscometer at 23 °C £ 2. The 0% ph15EO for a) resulted in
an extremely viscous W/O emulsion whose viscosity could not be measured.
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Fig. 6.21 showed that heavy O/W emulsions prepared with higher co-solvent
concentration showed lower viscosity. Emulsions prepared with 1.6% ph-15EO showed
the lowest viscosity and increasing the co-solvent concentration to 3% ph-16EO resulted
in negligible viscosity improvements. Only a small amount of ph-16EO co-solvent
(~1.5%) decreased the py, 4 0of 40% and 80% oil A emulsions by 30-50% compared to
the emulsions prepared with 0-0.8% ph-16EO.

Generally, the soaps generated from heavy crude oils possess low hydrophilic
lipophilic balance (HLB), leading to the transition from low viscosity O/W emulsions to
high viscosity W/O emulsions at a very low electrolyte concentration. Co-solvents are
usually very hydrophilic and increase the HLB of soap and co-solvent mixtures compared
to the HLB of soaps. The number of EOs attached to the co-solvents can be change to
affect the hydrophilicity of the co-solvents with a higher EO number generally resulting
in a more hydrophilic co-solvent. Table 6.6 identified whether 60% oil A emulsions
prepared with different chemical formulations (0.2% NaOH, 0.1-2.4% NaCl, and 0-3%
ph-xEO) formed O/W or W/O emulsions.

Table 6.6:  The type of emulsions (O/W or W/O) that forms with 60% oil A emulsions
prepared with 0-3% Ph-xEO, 0.2% NaOH, and 0.1-2.4% NacCl.

Co-solvent Type of 0.1 % NaCl | 0.8% NaCl | 1.6% NaCl | 2.4% NaCl
Conc. co-solvent

0% No co-solvent | O/W

1.6% Ph-2EO O/W

1.6% Ph-8EO O/W

1.6% Ph-16EO O/W

1.6% Ph-20EO Oo/W

3% Ph-15EO O/W

Table 6.6 showed that the emulsion inversion from O/W to W/O occurred between 0.1-
0.8% NaCl for the formulation without co-solvents. However, with the addition of 1.6%

phenol-8EO or higher EOs, the inversion salinity was increased to 1.6-2.4% NaCl. 60%
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O/W emulsion was successfully prepared with a chemical formulation of 3% phenol-
15EQ, 0.2% NaOH, and 2.4% NaCl.

Fig. 6.22 showed that the number of EOs had a negligible effect on the viscosity
of 60% oil A emulsions as long as the prepared emulsions are O/W. Phenol-2EO in Fig.
6.22 formed a viscous W/O emulsion whose viscosity could not be measured.

Oil A (60% v/v) NaCl (0.8% w/w ag.) NaOH (0.2% w/w ag.)
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Fig. 6.22: Uy app VS. Vwapp Of 60% oil A emulsions with 1.6% phenol-xEO co-

solvent. Measured using the Al tube viscometer at 23 °C £ 2. The emulsion prepared
with 1.6% ph-2EO formed a viscous W/O emulsion whose viscosity couldn’t be
measured.

The type of co-solvent, EO number, and co-solvent concentration can be
optimized to prepare heavy O/W emulsions with various water sources, ranging from
freshwater to softened seawater. The addition of co-solvents in the chemical formulation
of heavy oil, water, and an alkali eliminated the need for a supply of very low salinity
freshwater to prepare heavy O/W emulsions.

6.5.3.3 Effect of alkali type and alkali concentrations on emulsion viscosity
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The effect of NaOH concentration on the viscosity of 40% and 60% oil A

emulsions are shown in Fig. 6.23.
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Fig. 6.23: Uy app VS. Vw,app Of @) 40% and b) 60% oil A emulsions prepared with

various NaOH concentrations. Measured using the Al tube viscometer at 23 °C £ 2.
NaOH concentrations of 0.05% for Fig. 6.23a and 0.1% for Fig. 6.23b were the minimum

quantity of NaOH necessary to create homogenous and stable emulsions that solubilized
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all the oil. Higher NaOH concentration increased the pH and resulted in a larger quantity
of soap generation. Smaller oil droplets, better emulsion stability, and higher emulsion
viscosities are observed with higher NaOH concentrations. Acevedo et al. (2001); dos
Santos et al. n.d.; Gutierrez et al. (2003); Verzaro et al. (2002) reported similar
experimental data.

Possible risks with using NaOH are the extreme sensitivity of the emulsion
stability on the NaOH concentration and the small quantity needed to create low viscosity
emulsions. If the pH of the emulsions is lowered because of consumption or precipitation
of some OH" ions in pipelines, emulsion phase separation could occur and lead to a
plugged pipeline. Na;COs buffers at lower pH compared to NaOH [Acevedo et al.
(2001)]. Fig. 6.24 demonstrated that stable 40% oil A emulsions were prepared with 0.1-
0.5% NaxCOs. Higher concentrations of Na;COs, compared to NaOH, can be used with
only a small increase in the emulsion viscosity. 0.1% Na,CO3z was the minimum alkali

needed to prepare a homogenous and stable 40% oil A emulsion.

Oil A (40% v/v) Phenol-16E0O (0.8% w/w aq.)
10 - NaCl (0.1% w/w aq.)

-

B 0.5% Na2CO3
A 0.3% Na2CO3
¢ 0.1% Na2CO3
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Fig. 6.24: Uy app VS. Vwapp ©Of 40% oil A emulsions prepared with various
concentrations of NaxCO3. Measured using the A1l tube viscometer at 23 °C & 2.
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Alkalis such as potassium hydroxide, sodium bicarbonate, sodium metaborate, ammonia

[Verzaro et al. (2002)], alkyl amine [Gutierrez et al. (2003)] and sodium acetate can be

used to successfully prepare stable heavy O/W emulsions.

6.5.3.4 Effect of aqueous phase salinity on emulsion viscosity

The effect of salinity on the viscosity of 60% oil A emulsions is investigated in

Fig. 6.25. 80% oil A emulsions showed similar trends but with higher viscosity.

1,000

My, app (CP)

10

Fig. 6.25:

Oil A (60% v/v) Ph-16EO (1.6% w/w ag.) NaOH(0.2% w/w ag.)

B 1.6% NaCl
A 0.8% NacCl
¢ 0.1% NacCl
- - -Herschel-Bulkley Model

HUw,app VS- Vw,app Of 60% oil A emulsions prepared with various NaCl

concentrations. Measured using the A1 tube viscometer at 23 °C & 2.

The O/W emulsion viscosity increased as the NaCl concentration increased. The d3, of

emulsions normally decrease as the NaCl concentration approaches the inversion salinity

concentration of O/W to W/O emulsions (see Chapter 3). Acevedo et al. (2001); Ahmed

et al. (1999b); Ashrafizadeh and Kamran (2010); Gutierrez et al. (2003) showed that the

viscosity of heavy O/W emulsion increased as the ds, of emulsions decreased. The

effect of the salinity on the viscosity of heavy O/W emulsions was found to be significant
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but minor compared to the oil concentration, alkali concentration, and co-solvent
concentration.

6.5.3.5 Co-solvent/natural surfactants vs. non-ionic surfactant on emulsion viscosity

Heavy O/W emulsions in the literature are often prepared with nonylphenol
ethoxylate (NPE-xEO) [Ahmed et al. (1999b); dos Santos et al. (2011), n.d.; Nufiez et al.
(1996); Nunez et al. (2000); Romero et al. (2002)]. The Orimulsion® was also stabilized
with NPE.

The performance of the heavy O/W emulsions prepared with NPE-12EO were
compared to the heavy O/W emulsions prepared with chemical formulations containing a
co-solvent and an alkali. 60% oil D and 80% oil B emulsions were prepared with 1.6%
NPE-12EO in the aqueous phase using the preparation procedure outline in Chapter 3.
The emulsions were mixed at 75°C because the cloud point of NPE-12EO is ~80°C
according to the supplier. The emulsions prepared with NPE showed emulsion
instability. Phase separation was observed after several hours. The emulsions plugged
the capillary tube viscometer several times during measurement. Heavy O/W emulsions
prepared with a co-solvent and an alkali never plugged the capillary tube viscometers.
Fig. 6.26 compared the viscosity measurements of emulsions prepared with NPE and

emulsions prepared with a co-solvent and an alkali.
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Fig. 6.26: Uy, app VS. Vw,app Of @) 60% o0il D and b) 80% oil B emulsions.

Measured
using the A1 tube viscometer at 23 °C + 2.

60% oil D and 80% oil B emulsions prepared with NPE-12EO showed up to two times

and six times lower [, qp,, compared to the emulsions prepared with phenol-16EO and
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0.2% NaOH. Emulsions prepared with a co-solvent and an alkali were very stable, unlike
the emulsions prepared with NPE-12EO.

6.5.3.6 Use of ethoxylated amines as both a co-solvent and an alkali

Amines are basic organic chemicals. Alkyl Amines have been used as an
alternative to inorganic alkalis to prepare heavy O/W emulsions with good stability
[Gutierrez et al. (2003)]. Since alkyl amines or ethoxylated alkyl amines behave as co-
solvents as well as alkalis, the preparation of heavy O/W emulsions with an optimized
chemical formulation may be possible with only one chemical (an alkyl amine) instead of
two chemicals (a co-solvent and an alkali). Fig. 6.27 demonstrated that low viscosity oil

A emulsions with good stability were prepared using various alkyl amines.
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Fig. 6.27:
alkyl amines. Measured using the A1l tube viscometer at 23 °C £ 2.

Fig. 6.27 showed that the type of alkyl amine used made a significant difference in the

viscosity of oil A emulsions.

(DMAPA) showed up to two times (40% oil A emulsion) and four times (60% oil A

Yw,app (51

Uw,app VS- Vw,app OF 40% and 60% oil A emulsions prepared with various
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emulsions) higher viscosity compared to the emulsions prepared with
triethylenetetramine (TETA) and ethoxylated diisopropylamine (DIPA-15EO).  The
photomicrographs of 60% oil A emulsions prepared with 2% TETA and 2% DMAPA
showed that the droplet size distributions of the two emulsions were very similar (see
Chapter 4). It may be that droplet migration of 60% oil A emulsion prepared with 3%
DMAPA is minimal in the capillary tube viscometer and/or the oil droplets formed strong
and large aggregate structures.

Fig. 6.28 showed the effect of 0il A concentration on the viscosity of emulsions

prepared with 1.5% DIPA-15EQO as both an alkali and a co-solvent.
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Fig. 6.28: Uy app VS. Vw,app Of 20-80% oil A emulsions prepared with 1.5% DIPA-
I15EO. Measured using the A1 tube viscometer at 23 °C £ 2.

The oil A emulsions (¢ > 0.6) prepared with 1.5% DIPA-15EO showed noticeably
lower py, qpp compared to the oil A emulsions prepared with 1.6% phenol-15EO and

0.2% NaOH (see Fig. 6.19a). The difference in emulsions viscosities between Fig. 6.19a
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and Fig. 6.28 may be explained by the molecular weight of the alkalis used to prepare
emulsions. DIPA-15EO is a very large molecule (~760 g/mol) compared to NaOH (40
g/mol). The alkali density of 1.5% DIPA-15EO is two and half times less in terms of
moles compared to 0.2% NaOH. There is a positive correlation between emulsion
viscosity and alkali concentration (see Figs. 6.23 and 6.24).

Viscosity of heavy O/W emulsions prepared with DIPA-15EO and very high

dispersed-phase concentrations (¢ > 80) are investigated.
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Fig. 6.29: Uy app VS. Yw,app Of @) 01l A emulsions prepared with 1.5% DIPA-15EO and
0.9> ¢ > 0.8 and b) 85% oil A emulsions prepared with 1.5-3.5% DIPA-15EO.
Measured using the A1 tube viscometer at 23 °C + 2.

Stable heavy O/W emulsions with ¢ < 0.9 were prepared using 1.5% DIPA-15EO.
Emulsions viscosities much higher than the pipeline limit of 350 cSt were observed for

emulsions with 0.85 < ¢ (Fig. 6.29a). However, 85% oil A emulsion with p, ¢pp <
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350 ¢St was prepared with 3% DIPA-15EO. It may be possible that the chemical
formulation used to prepare 85% oil A emulsion can be optimized further to show no-slip
emulsion viscosity below the 350 ¢St limit in capillary tube viscometers.

The major benefits of using alkyl amine co-solvents over conventional alkalis and
co-solvents are summarized.

1. One chemical, alkyl amine, is needed to emulsify water and heavy crude oil to
form O/W emulsions. The alkyl amine eliminates the use of a conventional alkali
from the proposed emulsion preparation procedure, resulting in a simpler and
cheaper formulation.

2. Heavy O/W emulsions with up to 85% oil concentration showed f, qpp <
350 cSt.

3. Alkyl amines are known corrosion inhibitors. A small quantity (5-15 ppm) of
alkyl amines in sea water significantly reduced carbon steel corrosion with the
corrosion rate decreasing further with increasing amine concentration [Rihan et al.
(2014)]. Since the alkyl amine concentration is at least three orders of magnitude
higher than 10 ppm in the emulsion formulations used to prepare heavy O/W
emulsions, the rate of pipeline corrosion due to the presence of water in heavy
O/W emulsions may be reduced significantly.

6.5.3.7 Effect of temperature on emulsion viscosity

Quantifying the effect of temperature on the viscosity of heavy O/W emulsions is
crucial. Pipelines are stretched over a large area of land and the pipeline temperature
fluctuates daily, seasonally, and geographically. Temperature of pipelines can also be
increased and pipelines insulated to operate at higher temperature similar to the Trans-

Alaska Pipeline System which operated at 40°C. The effect of temperature on the
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viscosity of 85% oil A emulsion prepared with 1.5% DIPA-15EQ is tested in Fig. 6.30.

The emulsion viscosity was measured using a Couette viscometer with smooth walls.
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Fig. 6.30:  Effect of temperature on a) Ugpp VS. Yapp and b) Uapy /Hwater VS. Yapp OF
85% oil A emulsion prepared with 1.5% DIPA-15EQO. The emulsion was measured with
a smooth wall Couette geometry using the ARES LS1 rheometer. The pgpy VS. Vapp
measurements included the contributions of wall slip and possible droplet migration.
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Higher measurement temperature lowered the emulsion viscosity [Abdurahman et al.
(2012); Ahmed et al. (1999b); Hasan et al. (2010)]. The pgpp VS. Vapp of 85% O/W
emulsion at various temperatures collapsed into one curve by plotting tap, /Uwater VS.
Yapp- For pipelines already equipped with heating stations and insulation, the hybrid
heating-heavy O/W emulsion method may be used to transport highly concentrated heavy
O/W emulsions with 85-90% oil concentrations. Transport temperature only needs to be
increased from 25 to 40°C to show a significant viscosity reduction of heavy O/W
emulsions (Fig. 6.30a).

6.5.3.8 Emulsion Stability

Emulsion stability is an extremely important property in terms of transportation
and storage. Two major process which affect the stability of emulsions are 1) creaming
or sedimentation of oil droplets caused by gravity and 2) coalescence of droplets where
droplets combine irreversibly to form larger droplets.

Pure layers of heavy oils caused by coalescence of oil droplets were not observed
visually for most emulsions tested in this study for storage duration of weeks. Dynamic
stability of heavy O/W emulsions against coalescence is shown in Chapter 5. Droplet
size distribution before and after shearing were the same within the accuracy of the
measurement errors. Transient viscosity measurements of heavy O/W emulsions were
stable at shear rates of 0.0001-100 s which indicate no change in the droplet size
distribution of the emulsions. The only exceptions were heavy O/W emulsions that were
prepared with chemical formulations very near the O/W to W/O inversion point. These
emulsion samples showed good static stability but phase separation between oil and water
were observed under high shear rates.

Creaming (oil droplets move to the top) and sedimentation (oil droplets move to

the bottom) of heavy O/W emulsions were observed with some samples over days and
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weeks. However, a few shakes of the sample vials revert the emulsions back to the
original homogenous state. Most heavy O/W emulsions (0.2 < ¢ < 0.85) prepared in
this study showed good stability against creaming/sedimentation. The only exception
were the emulsions prepared with alkyl amines which showed fast
sedimentation/creaming at dispersed phase of ¢ < 0.8.

Stoke’s equation is used to analyze the good stability of heavy O/W emulsions
against creaming/sedimentation. The equation only applied to emulsions with a dilute
dispersed phase volume.

2gR?*Ap

” (6.14)

Ustokes = —

where Vg ores 15 the velocity of creaming/sedimentation rate, g the gravity, R the radius
of the droplet, Ap density difference between the dispersed phase and continuous phase,
and u. the continuous phase viscosity. The following properties of heavy O/W
emulsions reduced the sedimentation/creaming rate:

1. Small density difference between water and heavy oil of Ap < 30 — 50 kg/m3

2. Small droplet diameter

3. Higher dispersed phase concentration

4. Yield stress
The presence of a yield stress for heavy O/W emulsions stabilizes emulsions against
creaming/sedimentation. Tadros (2004) stated that if the yield stress is higher than the

stress exerted by an emulsions droplet, sedimentation/creaming can be completely

eliminated.

gRAp
Tp = (6.15)
where 17, is the stress exerted by an emulsion droplet. If 7,<ty,

creaming/sedimentation is eliminated.
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Heavy oil emulsions with dispersed phase of 40% showed 7, ~ 0.05 Pa which is
higher than 7, = 9.81m/s? * 200um * 50kg/m?3/3 = 0.033 Pa assuming aggregate
radius of 200 um. For this case, as long as the aggregates/clusters of oil droplets are
smaller than R < 200um, sedimentation/creaming is eliminated. Higher the dispersed
phase concentration, higher the yield stress and better stability against
creaming/sedimentation is obtained. Attractive heavy O/W emulsions showed very good
stability against sedimentation/creaming because of the presence of the yield stress even

at small heavy oil concentrations.

6.6 CONCLUSIONS

Wall slip was observed with the flow of heavy oil-in-water emulsions in capillary
tube viscometers. Wall slip velocity of heavy oil-in-water emulsions measured using the
parallel plates and capillary tube viscometers agreed quantitatively as a function of wall
shear stress.

The viscosity of heavy oil-in-water emulsions measured using parallel plates and
capillary tube viscometers showed a larger difference at high oil concentration even with
the elimination of wall slip. With a 80% heavy oil-in-water emulsion, up to ten times
lower viscosities were measured with capillary tube viscometers compared with parallel
plates. The lower apparent viscosity of heavy oil-in-water emulsions measured in
capillary tube viscometers is attributed to the migration of oil droplet away from the tube
wall due to the parabolic velocity profiles of fluids in tubes. Oil droplets travel from
regions of higher shear rates (tube wall) to regions of lower shear rates (center of tube)
[Hollingsworth and Johns (2006)]. A lower concentration of oil droplets near the tube
wall translated to lower apparent viscosities of heavy oil-in-water emulsions compared to

the bulk fluid viscosities.
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Oil droplet migration of heavy oi-in-water emulsions was found to be insensitive
to the diameter of capillary tube viscometers. This suggests that droplet migration may
be up-scaled to major crude oil pipelines. The ratio of the shear rates experience by
heavy oil-in-water emulsions in parallel plates to the wall shear rates in tube viscometers
with droplet migration was found to be proportional according to y/ )'/W,dm~m .

Droplet migration in capillary tube viscometers reached steady state at a much
lower ratio of tube length to diameter, Lss/D, than predicted based on the current theory
of droplet migration in the literature. The theory proposed by Phillips et al. (1992)
indicated that the hydrodynamic diffusion of large particles occurs much faster than small
particles. The smaller than predicted Lss/D values may be because of the properties of
heavy O/W emulsions to form aggregate structures whose effective diameter is bigger
compared to individual oil droplets. Small Ls;/D values may be integral to taking
advantage of the viscosity reduction of heavy O/W emulsions caused by droplet
migration in large pipelines. This is because Lgs/D values for large pipelines are orders
of magnitude larger than the Ly;/D for laboratory tube viscometers. The Lg, value for
large pipelines must be significantly smaller than the length of pipeline between pumps
stations for droplet migration to occur.

Crude oil pipelines are designed and operated to transport fluids with viscosity
under the maximum pipeline viscosity specification of 350 ¢St. Looking at the pipeline
operating shear rate range of 5-30 s, optimized heavy O/W emulsions with oil
concentrations up to 70 — 75% showed viscosities of <350 ¢St according to the parallel
plate measurements. With no-slip flow and droplet migration in tube viscometers,
optimized heavy O/W emulsions with oil concentrations up to 80 — 85% showed
apparent viscosities of <350 ¢St.  With the same pipeline operating conditions, 10%

extra heavy oil can be transported in the form of emulsions in pipelines due to droplet
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migration. The effect of droplet migration on the viscosity of concentrated heavy O/W
emulsions is critical when formulating concentrated heavy O/W emulsions for pipeline
transport.

The chemical formulation used to prepare heavy O/W emulsions affected the flow
properties of emulsions in capillary tube viscometers significantly. Heavy oil types, oil
concentration, co-solvents, co-solvent concentrations, alkali, alkali concentration, and
salinity were screened to optimize the chemical formulation used to prepare optimized
heavy O/W emulsions that showed low apparent viscosities in capillary tube viscometers.
Good emulsion stability under static and dynamic conditions was another screen criteria.

Heavy oil concentration in emulsions had the largest effect on emulsion viscosity
while the heavy oil viscosity had a negligible effect. Heavy O/W emulsions prepared
with a co-solvent and an alkali showed lower apparent viscosity and better emulsions
stability comparted to emulsions prepared with nonylphenol ethoxylate. Ethoxylated
alkyl amine co-solvents are very attractive chemicals that perform the roles of a co-
solvent and an alkali simultaneously. With the appropriate co-solvents, heavy O/W
emulsions can be prepared with water sources up to the salinity of softened seawater.
Freshwater is not necessary to form concentrated heavy O/W emulsions with low
viscosity.

The rheological characterization of heavy O/W emulsions should always be
performed with different measurement geometries and flow types. Rotational drag flow
geometries such as parallel plates and a cone-and-plate are ideal for measuring wall slip
and bulk fluid rheological properties. Pressure-driven flow in capillary tube viscometers
are ideal for characterizing droplet migration and turbulent flow behavior. Care must be

taken to achieve steady state emulsion flow in tube viscometers.
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The apparent viscosities of 80% heavy O/W emulsions in capillary tube
viscometers are up to ten times lower compared to the viscosities measured with
rotational viscometers. Apparent viscosity measurements of <350 ¢St were achieved for
optimized heavy O/W emulsions with oil concentration up to 85% in capillary tube

viscometers.
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NOMENCLATURE

Droplet diameter

Droplet radius

Dispersed-phase volume fraction of emulsions
Droplet radius

Flow index

Flow consistency index

Maximum packing volume fraction (¢,,,) of dispersed-phase possible
without deformation of the spherical dispersed-phase
Mean velocity

Mean volumetric flow rate

Natural logarithm standard deviation of droplet diameter
Pressure

Shear rate

Shear rate at the tube wall

Shear stress

Shear stress at the tube wall

Tube diameter

Tube length

Viscosity

Volumetric flow rate due to bulk fluid flow
Volumetric flow rate due to wall slip

Wall slip velocity

Yield stress

ABBREVIATIONS
Oil-in-water
Water-in-oil
Hydrophilic lipophilic balance
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Chapter 7: Upscaling the Flow of Concentrated Heavy Oil-in-Water
Emulsions from Laboratory to Pipelines

7.1 INTRODUCTION

The diameter of major crude oil pipelines can reach up to 1.2 m and can extend
thousands of miles in length. Laboratory measurements of concentrated heavy oil-in-
water emulsions with tubes of such dimensions are not possible. Flow of concentrated
heavy oil-in-water emulsions characterized using capillary tube viscometers with
diameters of 1 — 10 mm in the laboratory must be upscaled to predict flow of emulsions
in major crude oil pipelines.

The rheological properties of concentrated heavy oil-in-water emulsions in
capillary tube viscometers are complex and highly dependent on the tube dimensions.
Two-step yielding of concentrated heavy oil-in-water emulsions translate to a two-step
wall slip behavior on smooth surfaces. The contribution of wall slip to flow of emulsion
decreased as the tube diameter increased. The wall slip model developed for rotational
viscometers was used successfully to characterize the wall slip of concentrated heavy oil-
in-water emulsion. When wall slip was eliminated, viscosity measurements of
concentrated emulsions collapsed into one curve when measured with tube viscometers
of varying dimensions (D = 0.7036 — 7.035 mm).

After accounting for wall slip, concentrated heavy oil-in-water emulsions also
showed lower apparent viscosities in capillary tube viscometers compared to viscosities
measured with rotational viscometers. The lower apparent viscosities measured in
capillary tube viscometers are attributed to oil droplet migration away from the tube wall
due to a heterogeneous shear field. Droplet migration in tubes showed no dependence on

tube diameters at steady state flow.
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This chapter presents the upscaling equations used to predict the flow of heavy
oil-in-water emulsions in pipelines with diameters up to 1.2 m. The upscaling equations
accounted for wall slip, droplet migration, and transition from laminar to turbulent flow
of heavy oil-in-water emulsions. Pressure gradients versus flow rates of heavy oil
emulsions are compared to the flow of heavy oils and an oil with viscosity of 350 cP, the
maximum oil viscosity limited by regulations for pipeline transportation. The pressure
gradients in pipelines were calculated using two methods: 1) Fanning friction factor
based calculations for laminar and turbulent flows, and 2) analysis of the velocity profiles
of heavy oil-in-water emulsions for laminar flow.

Sensitivity analysis of pipeline dimensions and emulsion formulations was
performed to identify the optimum conditions for transportation of heavy oils in an

emulsified form.

7.2 THEORY AND LITERATURE REVIEW

Before equations can be derived to upscale flow measured in capillary tube
viscometers to pipelines, fluid and flow vessel properties must be established as well as
the boundary conditions. The assumptions used to upscale flow of heavy O/W emulsions
for pipeline scale operations:

Assumptions
1. The flow is in a long, straight pipe of constant diameter.
2. Fully developed laminar and turbulent flows (steady-state flow)
3. The velocity profile is identical at any point of the length of the pipe.
4. The gravitations effects are neglected over the entire length of the pipe.
5. Incompressible fluid.

6. End-effects are neglected because of a very large L/D.
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7. Constant temperature at any point of the pipe.
8. Pressure is only a function of z-direction. (P = P(z))
Based on these assumptions, a force balance for the flow of heavy O/W emulsions can be
derived to relate pressure gradients to the pipeline radius and wall shear stress.
Force Balance
The following simplified force balance is derived according to the assumptions
made and the boundary condition of 7 = 0 atr = 0.

AP 2T
L_r

(7.1)

where AP /L is the pressure gradient, T the shear stress, and r the radial position with r =
0 and r = R representing the center and wall of the pipe, respectively. Shear stress
distribution throughout the pipe is a linear function of radial coordinates, where shear

stress is a maximum at the pipe wall and 0 at the center

2TyT
T = T (72)

where 1,, 1s the shear stress at the wall (r = R). Thus, the pressure gradient can be
related to 7, by modifying Eq. 7.1

ATP _ ZTTW (7.3)
There are two methods of calculating pressure gradients vs. flow rates. First
method is to substitute for 7 in Eq. 7.1 with an accurate rheological model (7 vs.y) that
fits the experimental data. This method can only be used for laminar flow since the
velocity profiles can only be accurately estimated for this flow regime. Second method is
to relate the pressure gradient experienced in a pipe to the flow velocity using the

Fanning friction factor. This is a dimensionless number which represents the ratio of the

local shear stress to the local flow kinetic energy density

f:

T
puz/2

(7.4)
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where f is the local Fanning friction factor, p the liquid density, and u the local flow
velocity. Eq. 7.3 can be substituted into Eq. 7.4 to obtain the relationship between
pressure gradients and flow rates:

2
o @

where v is the average flow velocity. This method can be used for both laminar and
turbulent flows as long as an accurate f is calculated.

Often, the pressure gradient, which controls the flow rate of fluids, is the limiting
parameter in commercial pipeline operations. With an accurate estimation of f for both
emulsions and crude oils, the pipeline performance of heavy O/W emulsions can be
compared to crude oils of various viscosities using Eq. 7.5 at constant pressure gradients.

The type of flow regime, laminar or turbulent, in pipes can be predicted using the
Reynolds number (Re), a dimensionless number defined as the ratio of momentum forces
to viscous forces. The generalized Reynolds number for flow in a pipe is defined as:

Re = %) (7.6)

where @ is the volumetric flow rate, A the cross-sectional area of the pipe, and u the
viscosity of the fluid at the flow rate of Q. For Newtonian fluids, laminar flow is
observed for Re < 2,100 and turbulent flow is observed for Re > 4,000. Transition
from laminar to turbulent flow takes place at 2,100 < Re < 4,000. The start and end of
the transitional flow Re varies for non-Newtonian fluids. The methods used to estimate

the pressure gradient vs. flow rate relationship of non-Newtonian fluids for laminar and

turbulent flows is discussed below.

LAMINAR FLOW

The two methods of estimating VP vs. v is discussed below.

Method 1
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In the literature, Eq. 7.1 was integrated to relate the velocity profile to pressure
drop for Newtonian, Power Law, Bingham, and Herschel-Bulkley fluids. Since the
rheology of heavy O/W emulsions is similar to Herschel-Bulkley fluids, only the
Herschel-Bulkley analytical solution is discussed below. However, the solutions of the
velocity profile for Newtonian, Power Law, and Bingham fluids are the limiting cases of
the Herschel-Bulkley model solution where 7, =0&n=1, 7, =0, and n=1,
respectively. The equivalent analytical solution of the Herschel-Bulkley velocity profile
in a pipe has been developed using different methods [Cheng et al. (1968); Heywood
(1980); Selby (1976); Stainsby et al. (1994)]. We used the analytical solution obtained
by Stainsby et al. (1994) since it is the simplest to use. The velocity profile is given by:

V=1V, 0<r<m (7.7)

1- (r‘”y)(nTH)], r, <r<R (7.8)

V() =T

R—ry

where 1, is the radius of the plug core, V, the velocity at r = r;,, n the Herschel-Bulkley

flow index, and V the velocity at 7.

The 7, value is given by the force balance between the yield stress and pressure gradient:

2T
Ty = dP;]L (7.9)
The critical velocity, I, is given by:
1ap\1/n L
=(-2) (&) (R- ry)( +) (7.10)

where k is the Herschel-Bulkley model fluid consistency. The average velocity is given

by:
_ . Zn(R—ry)Z . Zn(R—ry)
v= VC( R2(3n+1)  RZ(2n+1) Ty

(7.11)

The analytical solutions (Eq. 7.7-7.11) can be solve to obtain VP vs. v relationship for the

Herschel-Bulkley rheological model.
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Typical velocity profiles of Newtonian, Power Law, Bingham, and Herschel-

Bulkley fluids are shown below.

1 \
0.9 \N‘;~:\:~s~~
0.8 |t~
~ ‘\N
— =~ S
Y
£ o6 SN .
3 o5 \\\
© \
S o4 | "7 Herschel-Bulkley \\\\‘
03 - = =Power Law \‘i
0.2 — — Bingham ‘l
0.1 Newtonian
0
0 0.2 0.4 0.6 0.8 1 1.2
Velocity (m/s)
Fig. 7.1: Typical velocity profiles of Newtonian and non-Newtonian fluids. n = 0.5

and 7,, = 0.25 Pa. Velocity is normalized to 1 at the center of the pipe.

Method 2

The Fanning friction factor can be accurately estimated using the following
relationship for laminar flow in a pipe regardless of the type of fluids, Newtonian or non-
Newtonian:
f =16/Re (7.12)
Accurately calculating Re is not a trivial problem for non-Newtonian fluids. Since Eq.
7.5 is derived at the wall of the pipe, Re must be calculated with u at the pipe wall for the
volumetric flow rate of Q.

Based on the Herschel-Bulkley model, the viscosity at the pipe wall is defined as:
ty =72+ ki, (7.13)
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where y,, is the shear rate at the wall. The shear rate at the wall is defined as y,, =

d . . . . .
(- d—l:)w. For Newtonian fluids, y, = 8v/D. However, non-Newtonian fluids have

velocity profiles that differ from Newtonian fluids and y,, # 8v/D. The Rabinowitsch
(1929) correction factor can be used to define the wall shear rate for non-Newtonian
fluids:

. dv 8v 3n'+1
Yw = (— E)W =7

(7.14)

4ns

where n' is the local flow index obtained from T, VS. ¥y, qpp Where Ygpp is the shear
rate at the wall assuming Newtonian behavior (Y4 qpp = 8v/D). The n' value is obtained

from the following equations for Herschel-Bulkley fluids [Madlener et al. (2009)]:
; _ dlnty
dInyy app
n = d In(ty+k¥w,app’) \
dln )'/W,app.
, _ din(ry+ke™"Yw.app)
dInpw,app
8v
;o dln(ry+kenln3)

8v
d IHF

gv\"
! % (7.15)
Similar to Method 1, Newtonian, Power Law, and Bingham models are the limiting cases
of the Herschel-Bulkley model solution where 7, =0&n =1, 7, =0, and n =1,
respectively. With Egs. 7.13-15, an accurate Re of non-Newtonian fluids can be
calculated. Thus, VP vs. v can be estimated using Eqgs. 7.5-6 for laminar flow.
The most comprehensive analysis of Herschel-Bulkley fluids in laminar flow was

presented by Hanks (1978). Hanks’ analysis included the effects of both n and 7,, and

the critical Re where laminar flow ends. Hanks defined the generalized Reynolds
Dnvz'”p( 4n
g1k \3n+1

n
number Re = ) to take into account the fluid consistency value n. The

yield stress is accounted for with the function ¥ [Hanks (1978)]
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16

f=%r ) (7.16)
_ neq 1+n [(A=80)? | 2&(1-$o) &’
Y= (143018 [ st ey (1+n)] (7.17)
T
So=10 (7.18)

where & is the dimensionless unsheared plug radius.

TURBULENT FLOW

There exists no analytical solution to relate the f vs. Re in the literature for
turbulent flow. Only semi-theoretical solutions have been derived to relate f vs. Re
based on experimental data.

Newtonian Fluids

The most commonly used semi-empirical solution for turbulent flow is the Colebrook-
White equation derived by Colebrook (1939) for Newtonian fluid flow in pipes of

varying surface roughness.
1 € 2.51

Nz = —2logy, (5 + Re—m) (7.19)

where € is the absolute roughness of the pipe wall. Because of the implicit nature of Eq.
7.19, various numerical methods are used to solve for f. To make Eq. 7.19 easier to use,
explicit solutions have been proposed to estimate the f based on the Colebrook-White
equation. We used the explicit solution proposed by Cheng et al. (1968) to approximate

the Colebrook-White equation for Newtonian crude oils.
11098
L -, logyy |[—— — 5.0452loglo ( 1 (E) 4 58506 )] (7.20)

fr4 3.7065D Re 2.8257 \D Re0-8981

Moody Diagram was created by Moody (1944) to provide a graphical

representation of the Colebrook-White equation (Fig. 7.2).
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2(10%)

Re= VD
m

L1 1
4 6 8

0.03

0.02
0.015

0.01
0.008

0.006

0.004

0.002

0.001

0.0008
0.0006
0.0004

0.0002
0.0001

0.00005

0.00001

the y-axis is the Darcy friction factor which is 4 times the Fanning friction factor

£

D

Power Law Fluids

The semi-theoretical equation used to estimate the Fanning friction factor for

Power Law fluids was presented by Dodge and Metzner (1959).

1 4 1-2 0.4
ﬁ = Wloglo [Re f( 2)] Tz (721)
Eq. 7.21 accurately estimated the f of aqueous Carbopol solutions with n = 0.36 — 0.73
for 2,900 < Re < 36,000 [Dodge and Metzner (1959)]. Pipe roughness was not

mentioned. Graphical representation of Eq. 7.21 is shown in Fig. 7.3.
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Fig. 7.3: Graphical representation of Dodge and Metzner Equation. Obtained from
Garcia and Steffe (1986)

Garcia and Steffe (1986) summarized most of the correlations between f vs. Re for
Power Law fluids in turbulent flow. Depending on the type of Power Law fluid, different
equations appear to fit the experimental data accurately. However, there are two things
that almost all the equations have in common: (1) f decreased as n decreased, and (2) the
Re at which laminar flow ends and transitional flow begins increased as n decreased (see
Fig. 7.3). To conclude, shear-thinning fluids show lower friction factors compared to
Newtonian fluids in the turbulent flow regime.

Bingham Plastic Fluids and Herschel-Bulkley Fluids

The most comprehensive analysis of Herschel-Bulkley fluids in the turbulent flow
regime was presented by Hanks (1978). Hanks equations required numerical integrations
as well as implicitly solving several equations at once to calculate f vs.Re. The
equations can be found in Hanks (1978) or Garcia and Steffe (1986). The graphical
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representation of Hanks equation is shown for both Bingham fluids (n = 1, 7,, # 0) and

Herschel-Bulkley fluids (n < 1,7, # 0). Yield stress is expressed in dimensionless

Hedstrom number (He).

2—-n

D?p (Ty\ =
He = -2 (2 (7.22)
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Fig. 7.4: Graphical representation of Hanks (1978) Equation. Top: Bingham fluid
(n = 1), Bottom: Herschel-Bulkley fluid (n = 0.5). Obtained from Garcia and Steffe
(1986)
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Fig. 7.4 indicated that for laminar flow, higher He (higher t,) results in higher f
compared to He = 0. For turbulent flow, He < 10* resulted in lower f and He > 10*
results in higher f compared to He = 0. Maximum benefit in drag reduction in the
turbulent regime is observed at 101 < He < 103 compared to He = 0.

The lowest f is observed for turbulent flow regime of Herschel-Bulkley fluids
with the lowest pipe roughness €, 101 < He < 103, and lower n values compared to

Newtonian fluids.

7.3 NEW CALCULATIONS

Heavy O/W emulsions cannot be accurately modeled by a typical Herschel-
Bulkley model. A combination of two Herschel-Bulkley models was necessary to
accurately model the rheological property of heavy O/W emulsions (Chapter 5).

T =Ty + kiy™ + [(7y2 + kay™2) — (7)1 + kyy™)] (1 - e‘vy_c> (7.23)

where ¥, is the critical shear rate below which Herschel-Bulkley 1 model dominates and

above which Herschel-Bulkley 2 model dominates. 7,,, k;, and n; represent the
Herschel-Bulkley 1 model parameters for y < y.. T, k, and n;, represent the Herschel-
Bulkley 2 model parameters for y > y.. The velocity profile of fluids described by Eq.
7.23 has not been derived in the literature, but is necessary to calculate VP vs. v for
laminar flow regime using Method 1. The solutions of Methods 1 and 2 are compared.
Also, wall slip was included using the slip model for two-step yielding fluids (Chapter 5).
Laminar Flow Regime
Method 1

The analytical solution obtained by Stainsby et al. (1994) for Herschel-Bulkley

fluids was modified to represent Eq.7.23. The velocity profile is given by:
V =V.41V,,, 0<r<mn, (7.24)
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i (zat2)
V=v,|1- (%) N T <T <71y, (7.25)
y2~—Ty1
- (n2+1)
V="V,|1- (;:—:ﬁ) " ] 7y, <T <R (7.26)

where 7y, is the radius of the plug core, 7, the radius where the rheological model
switches from Herschel-Bulkley 1 to Herschel-Bulkley 2, V¢, the velocity at v = 7,4, V,,
the velocity at r = 1,5, n; the Herschel-Bulkley flow index, and V' the velocity at 7.

The ry; values are given by the force balance between the yield stresses and pressure

gradient:
_ ZTyi
Tyi = dP_/L (727)

The critical velocities, V,; are given by:

1/n nq+1
Vcl = (— 21:112) ! (nzlj-l) (ryZ - T'yl)( nq ) (728)
1/n np+1
Ve =(~70) (o) (R~ rys) e ) (7.29)

Egs. 7.24-29 can be solve explicitly for constant VP at 0 <r < R to calculate the
velocity profile of heavy O/W emulsions in a pipe (V(r) vs.r). Egs. 7.24-26 can be

numerically integrated with the cross-sectional pipe area to calculate the volumetric flow

rate, Q, in a pipe at constant VP (Q = 27 | OR Vrdr). The mean flow velocity in a pipe can

be obtained with v = Q/(nR?).
Method 2

To obtain the Fanning friction factor using Eq. 7.12 (f = 16/Re), the Re value
for the rheological model of heavy O/W emulsions (Eq. 7.23) must be estimated.

Newtonian Re is defined as:
Re = fZ’_D (7.30)
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where p is the viscosity of the Newtonian fluid which is constant at any position of 7.
For non-Newtonian fluids, 4 must be estimated at the pipe wall. Modifying Eq. 7.23 for
viscosity at the pipe wall, the following expression is obtained:

__8v3n'+1
WD ans

_Yw
nu'w = %:I:Tyl + kl]./wnl + [(Tyz + kzywnz) _ (Tyl + kl)'/wnl)] (1 —e Ve >] /,yw (732)

(7.31)

Re for Herschel-Bulkley is obtained by substituting Eq. 7.32 into Eq. 7.30.

For 7, <1y,

_ 8pv? 3n'+1
Re = 8\ (3n’+1 nl( 4ns ) (733)
Ty1+k1(3) ( ant )
For 7, > 1,
_ 8pv? 3n'+1
Re = 8v\"2 (30’ +1\"*2 ( ans ) (7.34)
TVZH(Z(F) ( ans )

The n' value can be calculated with Eq. 7.15.

For a limiting case of 7,, = 0, Egs. 7.33-34 reduced to:

Re = pvz—nDn( an )n—l
T k()1 \3n+1

(7.35)

Eq. 7.35 is not the same as the generalized Rep,, defined by Dodge and Metzner (1959)
and Hanks (1978) for Power Law fluids. The generalized Re defined in Eq. 7.34 is
related to Repy, with the following expression:

Re = Repy (37‘%)_1 (7.36)
The Repy value is calculated according to Repy = pvD/u where u = 7y, /Yy app- The
shear rate y,, qpp 1s calculated with the assumption of Newtonian behavior. Thus, Repy
value is not calculated with p at the pipe wall. However, since experimental data

presented in the literature review (Section 7.3) showed that f = 16/Rep,, modeled the

laminar flow regime very well, Eq. 7.12 is modified with the generalized Re defined in

Eq. 7.34:
16 (3n'+1
f=wlr) (737)
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The validity of using Eq. 7.5 and Eq. 7.37 to relate VP vs.v (Method 2) is tested and
compared to Method 1 in the next section for heavy O/W emulsions.

The effect of droplet migration on the VP vs.v relationship of heavy O/W
emulsions are modeled using the equation proposed in Chapter 6:
ﬁ =a \/% (7.38)
where 7, g 1s the wall shear rate with droplet migration and a a fitting parameter. a can
be calculated by measuring the rheological properties of heavy O/W emulsions with a
rotational viscometer and a capillary tube viscometer at steady state.
Turbulent Flow Regime

Developing a f vs. Re relationship for turbulent flow of heavy O/W emulsions,
whose rheological properties are modeled by Eq. 7.23, is out of scope for this study.
Because the heavy O/W emulsions show different velocity profiles compared to
Herschel-Bulkley fluids, the method of calculating turbulent flow f proposed by Hanks
(1978) for Herschel-Bulkley fluids may not be accurate. There exists no experimental
data on the turbulent flow behavior of fluids that exhibit the rheological properties
modeled by Eq. 7.23 in the literature to validate the accuracy of Hanks method or to
propose a new relationship. The trends observed with the graphical representation of
Hanks method (Fig. 7.4) can be used qualitatively to estimate whether turbulent flow
f vs.Re of heavy O/W emulsions may be closer to the f of laminar flow regime (lower
limit of f) or the Newtonian turbulent regime (upper limit of f).

Heavy O/W emulsions may also show further drag-reducing behavior in turbulent
flow regime as well as a higher Re at which laminar flow ends compared to Newtonian or
Herschel-Bulkley fluids. Studies in the literature showed that a very low quantity of high

molecular weight polymers (polyacrylamide, xanthan gum, etc) [Virk (1975)], long fibres
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[Lee and Duffy (1976)], and surfactants [Zakin et al. (2011), (2003)] helped reduce the
turbulence inside pipes, leading to lower f than expected in the turbulent flow regime.
While the mechanism of drag reduction is not clear in the literature, a common structural
theme for additives that show good drag reducing behavior is a larger aspect ratio of the
additives (defined as the ratio of structure length to diameter) [Zakin et al. (2003)].

Virk (1975) came up with the concept of maximum drag reduction (MDR)
possible with large polymer drag reducers based on experimental data. However, MDR
below the Virk limit can be achieved with surfactant additives [Zakin et al. (1996)],
suggesting the MDR limit is specific to the type of drag reducing additives. Pal (2007)
and Omer and Pal (2013) studied the drag reduction phenomena of dispersions such as
O/W emulsions, W/O emulsions, and bubbly suspensions. Both found that unstable
emulsions with large droplet size showed a significant drag reduction capability and
delay in laminar to turbulent transition, while surfactant stabilized emulsions with small
droplet size showed a negligible drag reduction capability under turbulent flow
conditions. Collins and Knudsen (1970) observed visually that large oil droplets elongate
at the pipe wall (Fig. 7.5). The droplet deformation lead to a larger aspect ratio of the
droplets (L/D as large or larger than 4), showing a similar structure compared to the
traditional drag reducing additives such as polymers and surfactants that form thread-like

cylindrical micelles under shear [Omer and Pal (2013); Pal (2007)].

A /)
Fig. 7.5: Elongated oil droplet under shear. Obtained from Collins and Knudsen
(1970)
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While heavy O/W emulsions studied in our experiments show relatively small
droplet size, the attraction induced aggregate structures of droplets may still be present
within the range of shear rates in the pipelines. The aggregate structures may satisfy the
large aspect ratio criteria of effective drag reducing additives. Aggregating suspensions
such as aggregating dilute clay suspensions [Gust (1976)] have shown drag reduction
behavior in the literature. Drag reduction behavior is observed with clay suspensions that

formed aggregate clay structures but not with repulsive clay particles.
7.4 RESULTS AND DISCUSSION

7.4.1 Turbulent Flow Experiment

A turbulent flow experiment was conducted to observe whether heavy O/W
emulsions show drag reduction capabilities. A capillary tube viscometer (L=0.15cm) was
used in this turbulent flow experiment with 40% oil A emulsion. Higher oil
concentration emulsions could not be measured because of the emulsions’ high viscosity,
which prevented turbulent regime flow rates from being achieved in the laboratory. The
measurements were not corrected for entrance and exit effects and steady-state flow
profiles were assumed to be achieve in the tube. The dimensions of the tube and the

emulsion composition are listed in Table 7.1.

Table 7.1:  Tube dimensions and emulsion composition

Capillary Tube Emulsion Composition
Diameter (mm) | 1.397 Oil volume (%) 40% Oil A
Length (m) 0.1524 Aqueous volume (%) 60%
Area (m’) 1.53x10° Aqueous composition | 1 6% Ph15EO
(wt. %) 0.2% NaOH
0.8% NaCl

The pressure drops measured within the tube for each flow rate are listed in Table

7.2. Because of the limited pumping power, emulsion flow rate was limited to Re of
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3,350. The viscosities of water and emulsion were calculated based on the laminar flow
VP vs.v. Emulsion viscosities of ~4cP was calculated for all the flow rates in the

laminar regime, implying Newtonian flow behavior at high shear rates.

Table 7.2:  Flow properties of water and 40% O/W emulsion in laminar and turbulent
flow regimes.

DI Water at 25 °C (~0.95 cP) 40% oil A emulsion at 25 °C (~4 cP)
vim/s) dP/L(Pa) y(s™') Re f v(m/s)  dP/L(Pa) y(s™) Re f
0.2718 861.84 1557 395.6 0.0539 1.0728 9997.40 6144 374.7 0.0401

0.3262 1241.06 1868 474.7 0.0539 1.5983 14823.73 9153 558.2 0.0268
0.7502 1654.74 4296 1091.8 0.0136 2.0876 18960.58 11955 729.1 0.0201
0.9024 1999.48 5168 1313.3 0.0113 2.6748 23993.76 15318 934.2 0.0155
1.0873 2344.22 6227 1582.3 0.0092 3.2185 29371.67 18431 11241 0.0131
1.2178 2688.96 6974 1772.2 0.0084 3.6860 36404.32 21109 1287.4 0.0124
1.3646 3102.64 7814 1985.8 0.0077 4.3058 46539.61 24658 1503.8 0.0116
1.4896 3930.01 8531 2167.8 0.0082 5.5671 57226.49 31881 1944.3 0.0085
1.6527 5860.54 9465 2405.1 0.0099 6.5240 68258.10 37360 2278.5 0.0074
1.7941 7308.44 10274 2610.8 0.0105 7.4374 79289.71 42591 2597.5 0.0066
1.9463 8549.50 11145 28323 0.0104 8.0898 88942.37 46327 2825.4 0.0063
2.0659 9514.77 11831 3006.4 0.0103 8.3507 110316.12 47821 2916.5 0.0073
2.1746 10824.77 12453 3164.6 0.0106 9.5903 134447.77 54920 3349.4 0.0068
2.5443 14616.89 14571 3702.6 0.0104
3.1315 21787.43 17933 4557.1 0.0103
3.7622 30957.46 21544 5474.8 0.0101
4.4798  41506.44 25654 6519.1 0.0096
5.2192 55295.95 29888 7595.1 0.0094
5.6759 64190.19 32503 8259.7 0.0092

The VP vs. v data for water was used to measure the tube roughness as well as to
test the accuracy of the turbulent flow setup. Based on the water flow experiment,
absolute tube roughness of 4.6x10”m was measured for the stainless steel tube. The

f vs. Re was calculated from the VP vs. v data in Table 7.2 and plotted in Fig. 7.6.
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Fig. 7.6: Fanning friction factor vs. Re of water and 40% oil A emulsion. Solid line

represents the laminar flow friction factor predicted for Newtonian fluids. Uniform
dashed line represents the turbulent flow friction factor predicted using the Colebrook-
While equation. Dot dashed line represents the maximum drag reduction asymptote
predicted using the Virk (1975) equation.

The water f vs.Re data showed the typical behavior for water. Laminar flow
regime ended at Re = ~2,100 and full turbulent flow is observed at Re = ~4,000. 40%
oil A emulsion showed delayed end to the laminar flow regime with possible drag
reducing behavior observed as lower f value at Re > 3,000 compared to water data. The

benefits of lower emulsion f in turbulent conditions are apparent from Fig. 7.7.

270



— Predicted water pressure drop

175 1] & water

150 -{| m 40% O/W Emulsion
E 125 - O
-
:6__: 100 -
3 75 -
T 50 -
°

25 -

0 1 T T T
0 200 400 600 800 1000

Q (ml/min)

Fig. 7.7: VP vs. Q of water and 40% O/W emulsion. Colebrook-White equation was
used to predict the water pressure gradient in turbulent conditions.

The lower f for 40% O/W emulsion in turbulent conditions resulted in lower VP
for the emulsion compared to water at high flow rates. The lower VP of the emulsion
occurred in spite of the emulsion viscosity being four times larger than the water
viscosity. The turbulent flow experiment showed the benefits of the drag reduction

potential of heavy O/W emulsions if tube flow conditions are in the turbulent regime.
7.4.2 Velocity Profile of Heavy O/W Emulsions

The steady-state, laminar flow velocity profiles of heavy oil emulsions were
calculated according to the rheological model (Eq. 7.23). The model was fitted to the
emulsion viscosity data measured with the rotational viscometer. Eqs. 7.24-29 were used
to generate the V(r) vs.r at constant VP values. Both cases of slip and no-slip flow of
heavy O/W emulsions are investigated. Wall slip was modeled using the slip equation
introduced in Chapter 5. Table 7.3 shows the rheological and wall slip model parameters

of emulsions used to up-scale to crude oil pipeline dimensions.
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Table 7.3:  Rheological and wall slip modeling parameters of heavy O/W emulsions

Sample ) . . . . Droplet
4 o Coll . Aqueo.u's Rheological Properties Wall Slip Properties migration
1 onc. omposition . * %
o ot %) ks | Tute | e | Dt Vi, V; c |k .
(Pas™) (Pa) | (7Y | tyep Ty(Pa) | (um/s)
0,
1.6% k, 111 T, . T,, =05 vy
PhISEO | _ j553| =05 | Zos3 | ¥ Tys=25 | =065 | C E
Al A 80% | 02%NaOH | — n, - =033 7 e - a=04
k, —0%7 Ty Tyor = 6.2 1A =096| =6
0.8% NaCl =38 : =62 Ty = 0.15 =1500
0,
16/0 k1 711 Tyl . Tyl = 0008 Vl*
PhISEQ —034 | =05 | Z0008] ¥ Tyzs = 0.6 =4 |c E
Bl B 75% 04%NaOH | ~— - n - =33 Y ' T
? 2 k, ~to Ty Typ = 1.5 V; =025| =
0.8% NaCl =0.26 =15 Ty =0 =450
1.6% ny =0.02 X
PhISEO | Zos | ™ 7. = "
=3.17 =002 | /- Typs = 2.1 =025 | C E
B2 B 80% | 0.2% NaOH n, = 0.84 : - - a=04
k, —0.95 Tyo Ty2g = 5.25 V; =08 | =
0.8%NaCl | =135 : =525 Ty =0 =1375
1.6% Kk, m T . 7,, = 0.017 vy
PhISEQ 108 | =% | Zoo017| ¥ T,s=06 | =025 | C E
B3 B 80% | 02%NaOH | — - n, e =08 vz — = - a=18
k, —054 Ty Tyor = 2.8 Vs =043| =6
14%NaCl | =193 : =28 Ty =0 =275
1.6% ny T.. =0.05 *
PhI5SEO _kéz =05 | 2% s | % AT _lez 5
D1 D 40% 0.2% NaOH _k ) n, - =0.86 vas 0 _V* c=0] 2,
2 =0.51 TyZ TyZE - 2 -
0% NaCl =0.15 =0 7,, = 0.005 =
1.6% ny 7., = 0.09 *
PhISEO | _ ’512 o | =05 r_y10 0 | 7 A —Vlso c 5
D2 D | 50% [ 02%NaOH | ~ - n, | =122 DS T VR
2 =074 Ty2 Ty2E = V3 = =
0% NaCl =0.15 =0.41 75y = 0.005 =0
0,
1.6% k, m - . T, = 0.194 vy
PhISEQ 076 | =95 | Zp19 | ¥ Typs = 0.76 =10 |¢ E
D3 D | 60% [02%NaOH | ~ - n, | =15 | 270 Ve 043 =
2 =0.86 Ty2 Ty2e = 1. 2 =U. =
0% NaCl =0.65 =19 7, = 0.013 =400
1.6% n 7,, =1.19 .
PhI5SEO b o Zos | ™ 7 n= Vi
) =79 =119 | ' Tyas = 5.2 =65 | C E
D4 D 70% | 0.2% NaOH ) n, =9 _13 i Zo7s| =6
2 =071 Ty2 Ty2E = 2 =u. =
0% NaCl =3.25 =13 Ty =0 =1750
1.6% n _
ky _ Ty1 ; T =4 14
Ph15EO =18.25 =0.5 =4 Ye TyZS =13.2 =9 C E
D5 D 80% | 0.2% NaOH " n, =15 33 v —o0s8 | =
2 =0.93 TyZ TyZE - 2 - U -
0% NaCl =23 =33 Ty = 0.2 =1900
1.6% _
PhISEO L P 7. = 6 g
D6 | D | 85% [02%NaoH | =253 | n, | =60 | Dygq| Bes=188 1 = ¢ E
0 L0 k, 2 Ty T =50 Vs =0.72§ =
0% NaCl =2.17 =50 Ty =0 =1400
1.6% ny T..=0 N
phiseo | _ 0l =os | DUy 2 2o, ‘
D7 D 40% | 02%NaOH | ~ n, - =17 y2s 0 2 R a=>54
2 =0.83 Ty2 Ty2E = 2 = =
1% NaCl =0.011 =0.06 Tgy =0 =0
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Table 7.3 continued.

1.6%

m T, =0 *
PhISEO | _ (’)‘512 =05 | 20 | % o i c 5
D8 50% | 02%NaOH | ~ n, = =033 DS e _ _
. _kz —0.88 Ty2 Ty2E = Kz = NA =1
1% NaCl =0.02 =0.03 Ty =0 =0
1.6% n _
k 1 Ty = . Ty = 0.01 v
PhISEO 1 =05 | @ Vi f
=0.11 0.01 e Typs = 0.12 =1 c E
0, 0, — y —
D9 60% | 0.2% NaOH k. s e | 0.09 =03 v N a=6
1% NaCl =0.05 =0.11 7, = 0.002 | =1500
0,
1.6% ky 111 Ty = . Ty = 0.005 Vi
PRISEO | _ 49 | =05 | goos | ¥ T,s=0.12 | =075 | ¢ E
D10 70% | 0.2%NaOH | = - n, : =022 X 0| T _ =6
2 —07 Ty2 Ty2e = 0. v; =042| =
1% NaCl =0.45 =03 Ty =0 =75
0,
1.6% k, ™ = | 7,, = 0.07 vp
Ph15EO 0.5 Ve _
) > =14 0.07 |7 Tys=12 | =065 | C E _
DIl 80% | 0.2% NaOH n, =0.62 . " - a=04
k, ok | o Typp =3 A =0.66| =6
1% NaCl =14 : =3 Ty =0 =550
1.6% n = Ty, = 055 .
PhISEQ by | =os s | e Tons = 2.6 l/13 c E
D12 85% 0.2% NaOH - n, : =09 ves '5 T _ _
k, —0.82 Ty Tyop = 6. Vs =074| =
1% NaCl =354 =65 Ty =0 =750

Rheological and wall slip

model parameters of emulsion Al from Table 7.3 are

used to generate the velocity profiles in a pipe of D=0.6 m (Fig.7.8).
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Fig. 7.8: Velocity profiles of emulsion Al in a pipe with no wall slip (D=0.60m): a)
Ty < Ty1, b) Ty < Ty, < Ty, €) Ty > Ty, and d) T, > 7,,. See Table 7.3 for emulsion
properties 7,,; and 7,,.

The steady-state, laminar flow velocity profiles of concentrated heavy O/W
emulsions transitioned through four distinct velocity profile regimes in a pipe with no
wall slip. Regime I describes no observable flow in a pipe at 7,, < 7,1, which is common
for yield stress fluids (Fig. 7.8a). Regime II describes a typical Herschel-Bulkley fluid
velocity profile in a pipe observed at 7,,; < 1, < Ty, (Fig. 7.8b). Regime III describes a
velocity profile that is a combination of two Herschel-Bulkley models (Fig. 7.8c-d). In
Regime 111, 1,1 < T,, <T,, is observed at 0 <r <, (Herschel-Bulkley 1) and 7, >
Ty, 1s observed at 1, < r < R (Herschel-Bulkley 2), with the model transitioning from
Herschel-Bulkley 1 and Herschel-Bulkley 2 at a critical shear rate, y.(ry;). Regime IV

describes a velocity profile at 7,, > t,, that can be approximated as a Herschel-Bulkley
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fluid velocity profile. The contribution of Herschel-Bulkley 1 modeling properties to

V(r) is negligible at 7, > 7,,. The four Regimes describe the velocity profiles of

concentrated heavy O/W emulsions in a pipe modeled using Eq. 7.23.
The presence of wall slip can complicate the velocity profiles of concentrated

heavy O/W emulsions in a pipe.
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Fig. 7.9: Velocity profiles of emulsion Al in a pipe with wall slip (D=0.60m): a)
Ty < Tsy, D) Toy < Ty < Ty1,€) Tyy < Ty < Ty, d) Ty, > Ty, and €) T, > Ty, See
Table 7.3 for emulsion A1 properties T, Ty, and T,,.

The laminar flow velocity profiles of concentrated heavy O/W emulsions transitioned

through five distinct velocity profile regimes in a pipe with wall slip. Slip Regime [

describes no observable flow in a pipe at 7,, < 75, where T, is the slip yield stress

defined in Chapter 5. Slip Regime II describes a velocity profile of the total slip of an
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emulsion in a pipe at 74, < T, < Ty, (Fig. 7.9b). This flow regime does not occur if
Ty1 < Tsy. Slip Regime III describes a typical Herschel-Bulkley fluid velocity profile
with wall slip in a pipe observed at 7,1 < 7, < Ty, (Fig. 7.9¢). Slip Regime IV describes
a velocity profile that is a combination of two Herschel-Bulkley models with wall slip
(Fig. 7.9d). In Slip regime IV, t,; <T,, < T, is observed at 0 <r <1y, (Herschel-
Bulkley 1) and 7, > 7, is observed at r,, <r <R (Herschel-Bulkley 2), with the
model transitioning from Herschel-Bulkley 1 to Herschel-Bulkley 2 at a critical shear
rate, y.(1y2). Wall slip is significant at 7,, just above 7,,, (Fig. 7.9d) and slip becomes
increasingly negligible as 7, » 7y, (Fig. 7.9¢). Slip Regime V describes a velocity
profile at 7,, > 7,, that can be approximated as a Herschel-Bulkley fluid velocity profile.
The contribution of Herschel-Bulkley 1 model properties to V(r) is negligible at 7, >
Tyz. The five Slip Regimes describe the velocity profiles of concentrated heavy O/W
emulsions with wall slip in a pipe modeled using Eq. 7.23 (rheological properties) and
Eq. 5.15 (wall slip properties).

The pipe velocity profiles of two-step yielding fluids, such as concentrated heavy
O/W emulsions, in a steady-state laminar flow has not been described in the literature.
The pipe velocity profile is based on the rotational viscometer data with no droplet
migration. Since droplet migration takes some distance Lgs to reach steady state, the
flow velocity profiles in Figs. 7.8-9 are good representations of flow start up in pipelines.
Once steady state flow is achieved with droplet migration, the flow velocity profiles are
different compared to Figs. 7.8-9. Droplet migration has been shown to modify the
velocity profile to be more blunted similar to Herschel-Bulkley fluids [Gillies and Shook
(1992)]. With droplet migration, the flow velocity profiles in Figs. 7.8-9 would look as if

the heavy O/W emulsion possessed higher 7, and lower n values. Experimental
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measurements of the pipe velocity profiles of the emulsions are still needed to verify the

velocity profiles in Figs. 7.8-9 and velocity profiles with droplet migration in pipes.

7.4.3 Pipe Pressure Gradient vs. Flow Rate

Laminar Flow

The integration of velocity profiles (Method 1) and using Re along with Eq. 7.37
(Method 2) to calculate VP vs.Q showed similar results (Section 7.3). Less than 5%
error was observed for almost all samples tested as well as for all flow rates between the
two methods. This verified the accuracy of the derived pipe velocity profiles as well as
the new f equation for laminar flow. Either method can be used to calculate the VP vs. Q
relationship for laminar flow of heavy O/W emulsions in a pipe. For emulsion samples
that were measured using both a rotational viscometer and a capillary tube viscometer,
the effect of droplet migration is added using Eq. 7.38.
Turbulent Flow

Accurate quantitative estimation of VP vs. Q for the heavy O/W emulsions are out
of scope and capabilities of this study. The lower and upper limits of VP vs.Q in
turbulent flow (Re > 2,500) are calculated using a laminar flow assumption with no
turbulence and the Colebrook-White equation, respectively. Most concentrated heavy
O/W emulsions show rheological properties of 0.5 < [n;,n,] < 0.8 and He < 103.
According to the Moody Diagram of Herschel-Bulkley fluids (Fig. 7.4) and the drag
reduction capability of heavy O/W emulsions, the VP vs. Q relationship in the turbulent
flow regime can be estimated to be closer to either the calculated upper or lower limit.

The limiting variable for pipeline operations is the maximum achievable VP. VP

of most pipelines is controlled by the burst pressure of the pipeline, which is ~1,000-1400
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psi, and the distance between the pump stations, which is ~50-100 miles. This results in

a maximum VP of 10-25 psi/mile.

7.4.4 Effect of Pipe Radius on Pressure Gradient vs. Flow Rate

The radii of pipelines have a significant effect on the VP vs. Q of emulsions. 75%
(B1) and 80% (B2) oil B emulsions from Table 7.3 are used in the sensitivity analysis of
a pipe radius on the VP vs. Q of heavy O/W emulsions. The 75% oil B emulsion (B1)

analysis is shown in Fig. 7.10. Droplet migration effect was not included in the

calculations and wall slip had a negligible effect except for 75y, < Ty, < Tyq.
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Fig. 7.10:  Effect of pipe radius on VP vs.Q of 75% Oil B emulsion (B1 from Table
7.3) at 23°C. a) R=0.05m, b) R=0.1m, ¢) R=0.15m, d) R=0.3m, ¢) R=0.45m, f) R=0.6m.
Blue dashed line represents the oil B. Red dashed line represents the 350 cP reference
oil. Black line represents the emulsion laminar flow. Black dashed line represents the
emulsion turbulent flow assuming Newtonian behavior.

75% oil B emulsion showed significantly lower VP compared to heavy oil B at
constant flow rates. Approximately 10-1,000 times lower VP are observed for the 75%
oil B emulsion compared to oil B. The VP of 75% oil B emulsions is compared to the VP
of 350 cP reference crude oil with a maximum operable pipeline VP of ~10-25 psi/mile.

1. For R < 0.1 m (Gathering lines)

a. VP of 75% oil B emulsion is higher at all flow rates.
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b. The maximum flow rate of 75% oil B emulsion is lower than 350 cP oil.
2. 0.15m < R < 0.3 m (medium pipelines)

a. Atlow flow rates, the VP of 75% oil B emulsion is higher.

b. At moderate to high flow rates, comparable VP of 75% oil B emulsion is
observed at 10-30 psi/mile, which is below the maximum achievable VP.

c. The maximum flow rate of 75% oil B emulsion is comparable to the 350
cP oil.

3. 0.3m < R < 0.6 m (major pipelines)

a. Atlow flow rates, the VP of 75% oil B emulsion is significantly higher.

b. At moderate flow rates, the VP of 75% oil B emulsion is slight higher or
comparable.

c. At high flow rates (5 < VP < 30 psi/mile), turbulent flow conditions
emerge and the VP of 75% oil B emulsion is comparable if not lower than
the 350 cP oil. The VP of 75% oil B emulsion in turbulent flow
conditions can be found between the laminar flow curve (lower limit of
VP) and the turbulent flow curve (upper limit of VP). The exact VP is a
function of the drag reduction capability and the non-Newtonian
properties of the emulsion.

For 75% Oil B emulsion (B1), very significant VP reductions are observed compared to
heavy oil B at all pipe dimensions studied. Similar flow rates of 75% oil B emulsion are
achieved compared to the 350 cP oil in laminar flow conditions for R > 0.1 m.
However, at low flow rates, higher VP are needed to transport the emulsion compared to
the 350 cP oil. These VP are still below the maximum pipeline operating VP. For
pipelines with large radii, higher flow rates for 75% oil B emulsion could be achieve

because of the drag reduction potential of the emulsion compared to the reference oil.
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The greatest benefit of transporting 75% oil B emulsion can be observed in major
pipelines with R > 0.3 m operating at high flow rates compared to 350 cP oil.

75% oil B emulsion (B1) can be transported in existing crude oil pipelines
(maximum transport fluid viscosity of ~350 cP) of 0.1 m < R < 0.6 m. However, at low
flow rates, higher utility costs are necessary to generate the extra pumping power
necessary to transport the emulsion compared to the 350 cP oil.

Sensitivity analysis of different pipe radii using 80% oil B emulsion (B2) is
shown in Fig. 7.11. The VP vs.Q of the emulsion with droplet migration effect is

represented by green lines.
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Fig. 7.11:  Effect of pipe radius on VP vs.Q of 80% Oil B emulsion (B2 from Table
7.3) at 23°C. a) R=0.05m, b) R=0.1m, c) R=0.15m, d) R=0.3m, ¢) R=0.45m, f) R=0.6m.
Blue dashed line represents the oil B. Red dashed line represents the 350 cP reference
oil. Black line represents the emulsion laminar flow. Black dashed line represents the
emulsion turbulent flow assuming Newtonian behavior. Green line represents the
emulsion laminar flow with drop migration. Green dashed line represents the emulsions
turbulent flow with drop migration.

The VP vs.Q profiles of 80% oil B emulsion (B2) without droplet migration are very
similar to the profiles of 75% oil B emulsion (B1) shown in Fig. 7.10 but with higher VP.
Compared to oil B, 10-100 times lower VP are observed for 80% oil B emulsion.

Compared to the 350 cP reference oil, 80% oil B emulsion with no droplet migration
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showed significantly higher VP for pipelines with any R (black lines in Fig. 7.11). With
no droplet migration, optimized 75% oil B emulsion is the limit of emulsion pipeline
transport and 80% oil B emulsion cannot be transported in pipelines economically.
However, 80% oil B emulsion with droplet migration (green lines in Fig. 7.11) showed
up to 10 times lower VP compared to the emulsion with no droplet migration (black lines
in Fig. 7.11). 80% Oil B emulsion (B2) with steady state droplet migration can be
successfully transported in existing pipelines of any R at any flow rates:

1. At low flow rates, the VP of 80% oil B emulsion is significantly higher but are
below the VB, = 10 — 20 psi/mile.

2. At moderate flow rates, the VP of 80% oil B emulsion is similar if not lower
compared to the 350 cP oil.

3. At high flow rates, turbulent flow conditions emerge and the VP of 80% oil B
emulsion is comparable if not lower compared to the 350 cP oil. The VP of 80%
oil B emulsion in turbulent flow conditions can be found between the laminar
flow curve (lower limit of VP) and the turbulent flow curve (upper limit of VP).
The exact VP is a function of the drag reduction capability and the non-
Newtonian properties of the emulsion.

Pipeline transportation of optimized heavy O/W emulsion of up to ~75% oil B is
possible with existing crude oil pipelines for R > 0.05 m without accounting for the
droplet migration effect on VP vs.Q. Optimized 80% oil B emulsion cannot be
transported economically in existing pipelines if droplet migration is not factored in the
VP vs.Q calculations. However, with the droplet migration effect, pipeline
transportation of optimized 80% oil B emulsion is economical with existing crude oil

pipelines at all flow rates. The maximum flow rate of emulsions may also be
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significantly higher than the maximum flow rate of 350 cP oil depending on the

magnitude of the emulsion drag reduction in turbulent conditions.

7.4.5 Smooth vs. Rough Pipe Wall on Pressure Gradient vs. Flow Rate

Wall slip is a physical phenomenon that is controlled by the surface roughness of
the flow conduit. Wall slip is completely suppressed when absolute roughness of the
wall is greater than the droplet diameter (¢ > d). This property has been used to
characterize wall slip using rough and smooth surface parallel plates in Chapter 5. Does
wall slip of emulsions occur in crude oil pipelines and is its effect significant on
VP vs.Q?

The average absolute surface roughness of commercial steel (carbon steel)
pipelines is estimated to be ~50 um [McDonnell (2011)]. Since almost all emulsions
prepared in this dissertation showed d3, < 50um, heavy oil emulsions will not slip at the
pipeline wall. However, pipeline walls can be modified to reduce the surface roughness
to allow wall slip to occur. Internally coated pipes have been used in the oil and gas
industry worldwide, mainly to prevent pipe corrosion. The pipelines can be coated with a
variety of coatings (phenolic, epoxy, urethane, and nylon) with the average absolute
surface roughness of the coated pipes showing values of <1-5 um [Farshad et al. (1999)].
Wall slip can be observed for most of the concentrated heavy O/W emulsions in this
dissertation for € < 1 — 5 um. The positive effects of coating pipeline walls on emulsion
pipeline operations can be split into four major improvements.

Flow Startup

A major benefit of smooth pipe walls for pipeline flow of emulsions can be

observed during flow startups. Because of the yield stress of concentrated emulsions

(Ty1), flow does not start until 7,,; < 7, for pipelines with rough surfaces that eliminate
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wall slip. Even for 7,,; < 1 Pa, a significant VP must be imposed to overcome the yield

stress to start flow in long pipelines. The VP required to start flow can be significantly
reduced with wall slip. With smooth pipe walls, flow is possible with wall slip between
Tsy < Ty < Ty Where the slip yield stress is usually 75, < 7,;. The 74, value can also
be reduced or eliminated depending on the surface coating of the pipelines [Seth et al.
(2008)]. An example of the reduced VP necessary to start flow with and without slip is

shown in Fig. 7.12.
1.E+04

Pressure drop (psi/mile)

1.E+00 5
” .
P - = =Wall Slip
1E01 |7 _
No Wall Slip
1.E-02
1.E-10 1.E-08 1.E-06 1.E-04 1.E-02 1.E+00
Q (m3/s)

Fig. 7.12: VP vs.Q of 80% Oil D emulsion (D5 from Table 7.3) at 23°C. R=0.3 m.
Black solid line represents flow with no wall slip and red dash line represents flow with
wall slip.

The VP required for flow startup of emulsion D5 in a pipeline of R=0.3m reduced from
VP = ~10 psi/mile with no wall slip to VP < 0.1 psi/mile with wall slip. A VP over
100 times lower is required for flow startup of emulsion D5 with wall slip compared to
with no wall slip.

Lower Friction Factor in Turbulent Flow
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Another benefit of having a smooth pipe wall over a rough pipe wall is observed
if pipeline flow is in the turbulent regime. Moody’s Diagram indicates that the friction
factor is a function of absolute wall roughness. A smaller wall roughness leads to a lower
friction factor in the turbulent flow regime. For 0.5um < & <50um and R > 0.15m,
no significant change in the friction factor is observed as a result of € for Re < 100,000.
However, the effect of pipe wall roughness is more prevalent for 0.5 um < ¢ < 50 um
and R < 0.05 m with significant reductions in the friction factor observed for lower ¢ for
Re < 10,000.

Increased Flow Rate

Significant wall slip velocity with smooth pipe walls can be observed for
concentrated emulsions near the flow induced yield stress 0.57,,, < 7, < 27,,. The pipe
radius, emulsion rheological properties, and wall slip properties play a significant role on
the contribution of wall slip to the total flow rate. The traditional view in the literature is
that the contribution of wall slip to flow rate is only significant when the flow conduit
diameters are very small. However, some concentrated heavy O/W emulsions prepared
in this study showed that wall slip contributed significantly to the flow rate of emulsions

in pipes with R < 0.6 m (see Fig. 7.13)
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Fig. 7.13:  V,/V vs.t,, of a) 80% oil A emulsion (A1l from Table 7.3) and b) 80% oil B
emulsion (B2 from Table 7.3) at 23°C. V; is the slip velocity and V the total mean
velocity. Pipeline radii of R=0.005-0.6 m are tested.

Fig. 7.13a) showed that for emulsion A1, wall slip contributed up to 20-50% of
emulsion flow with smaller pipelines (0.05m < R < 0.2m) and 10-20% of emulsion
flow with bigger pipelines (0.2m < R < 0.6 m). The wall slip observed at 0.57,, <
Ty < 27Ty, occurred within the observed range of the operational VP of pipelines at
steady state. However, emulsion B2 showed that the wall slip contributions at 0.57,,, <
Ty < 2Ty, to the emulsion flow are 5-10 times lower compared to emulsion Al.  The
smaller contribution of wall slip to the flow rate observed for emulsion B2 is because of
the lower values of C, Vy,, and t,, used to model wall slip.

Corrosion

A major concern with emulsion flow in existing crude oil pipelines is corrosion of

pipelines caused by the continuous aqueous phase of O/W emulsions. Coating the inside

of pipes would completely eliminate the corrosion concern.
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The advantages of lining the inner walls of pipelines with smooth coatings (& <1-
5 um) over commercial grade steel pipelines (¢ =50 um) for concentrated heavy O/W
emulsion flow are:
1. Easier flow startup of concentrated heavy O/W emulsions due to wall slip.
2. Increased flow rate at 0.57,, < 7, < 27,, due to wall slip. Could be significant
even in pipes with R > 0.2 m.
3. Prevention of pipe corrosion.

The advantages of coated pipes may justify the cost of coating.

7.4.6 Effect of Oil Concentration on Pressure Gradient vs. Flow Rate

Optimizing the emulsion formulation is extremely important for transportation of
concentrated heavy O/W emulsions. Figure 7.14 showed the VP wvs.Q for oil D
emulsions of ¢=40-85% with aqueous composition of 1.6% phenol-15EO, 0.2% NaOH,
and 0% NaCl. Constant pipeline radius of R=0.3m is used with no droplet migration

effect.
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Table 7.3) at 23°C. Pipe radius of R=0.3 m is assumed for all samples.

Compared to heavy oil D, flow of oil D emulsions in a pipeline with R = 0.3 m showed
lower VP for moderate to high flow rates and higher VP for low to moderate flow rates
for all ¢. Since oil D viscosity is approximately 10,000 cP and not as viscous as oil A

and oil B, smaller improvements in flow capacity are observed for oil D emulsions.
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Effect of oil concentration on VP vs.Q of oil D emulsion (D1-D6 from

Aqueous
composition of 1.6% phl15EO, 0.2% NaOH, and 0% NaCl. a) ¢ = 0.4 and ¢,, = 0.79,
b) ¢ = 0.5 and ¢,, = 0.78, ¢) ¢ = 0.6 and ¢,, = 0.8, d) ¢ = 0.7 and ¢,, = 0.73, ¢)
¢ = 0.8 and ¢,, = 0.69, f) ¢ = 0.85 and ¢,, = 0.69.



Compared to the 350 cP reference crude oil, oil D emulsions with up to ¢ = 60% can be
successfully transported in a pipeline with R = 0.3 m. Oil D emulsions with ¢ = 70%
showed significantly lower flow rates at all VP below VB,,,, = 20 psi/mile. The higher
VP observed for emulsions with ¢ > 70% is because of ¢ > ¢,,. The chemical

formulation of oil D emulsions is modified in Fig. 7.15 to generate emulsions with higher

Pm-
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Effect of oil concentration on VP vs.Q of oil D emulsion (D7-D12 from

Table 7.3) at 23°C. Aqueous composition of 1.6% ph15EO, 0.2% NaOH, and 1% NaCl.
a) ¢ = 0.4 and ¢,,, = 0.83, b) ¢ = 0.5 and ¢,, = 0.76, ¢) ¢ = 0.6 and ¢,, = 0.81, d)
¢ =0.7 and ¢,, = 0.81,¢) ¢ = 0.8 and ¢,, = 0.76, f) ¢ = 0.85 and ¢,, = 0.75. Drop
migration for ¢=85% was estimated using Eq. 6.13 with a = 0.4.

By optimizing the salinity of the aqueous formulation used to prepare oil D

emulsions, the ¢, of 0il D emulsions can be increased significantly where ¢ > ¢, is not

observed until oil D emulsions are prepared with ¢ > 75 — 80%. With the optimized

chemical formulation, oil D emulsions with ¢ < 75% (black lines in Fig. 7.15) can be

transported in a pipeline with R = 0.3 m compared to the oil D emulsions which were
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not optimized with ¢ < 60% (black lines in Fig. 7.14). This is an improvement of extra
10-15% oil D that can be transported in a pipeline by optimizing only the salinity,
without taking into account the effect of droplet migration.

With droplet migration (green lines in Fig. 7.15), significantly lower VP are
needed for flow of emulsions compared to those with no droplet migration. Oil D
emulsions with up to ¢ = 85% can be transport in pipelines (R = 0.3 m) with droplet
migration. An extra 10-15% oil D can be transported in an emulsified form because of

the lower VP observed due to the droplet migration effect in pipelines.

Using the data from Figs. 7.14-15, the maximum flow rates of oil D are calculated
for emulsions with ¢=40-85% and NaCIl=0-1%. VP, ., = 15 psi/mile was assumed and
the VP of turbulent flow curves were used (dotted lines from Figs. 7.14-15). This is a
conservative estimate of the maximum oil flow rates with no emulsion drag reduction

assumption.
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Fig. 7.16:  Concentration of oil D in emulsions vs. oil D flow rate (not including the
volume of water in the emulsions) is plotted. Effect of chemical formulation used to
prepare oil D emulsions on the oil D flow rate is explored. Two aqueous formulations
were tested. Effect of droplet migration is also tested. Pipeline radius of R = 0.3 m at
23°C. The blue line represents the oil D flow rate of diluted heavy oil with 30% diluent
and a viscosity of 350 cP (volume of diluent is not included in the oil flow rate).

Both chemical formulation optimization and droplet migration are important
when designing pipeline transportation of heavy O/W emulsions. The performance of
pipeline transportation of emulsions are compared to pipeline transportation of 350 cP
diluted heavy oil with 30% diluent in Fig. 7.16. Optimizing the chemical formulation
increased the maximum concentration of oil that can be transported in an emulsified form
from 60% to 70-75% O/W emulsions. Including the effect of droplet migration in
pipelines further increased the maximum concentration of oil in an emulsified form that
can be transported in pipelines from 70-75% to 85% O/W emulsions. With further
optimization of the chemical formulation used to prepare heavy O/W emulsions in terms
of the emulsion viscosity and droplet migration in pipelines, it may be possible to
increase the maximum concentration of oil in an emulsified form that can be transported

in pipelines to ~90% O/W emulsions.  The drag reduction effect of heavy O/W
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emulsions can significantly improve the maximum oil flow rates in Fig. 7.16. The
improvement of the maximum flow rate depends on the magnitude of drag reduction.

The cost of chemicals is a significant concern when preparing stable heavy O/W
emulsions. The chemical formulations for concentrated heavy O/W emulsions are
proposed based on two sources of water, 1% NaCl brine and 2.5% NaCl brine. Higher
concentrations of co-solvents are needed to prepare heavy O/W emulsions if the water

source has a higher electrolyte concentration. Table 7.4 shows the estimated chemical

costs for the chemical formulations used to prepare heavy O/W emulsions.

Table 7.4:  Cost and quantity of chemicals in the chemical formulation used to prepare
heavy O/W emulsions
. Total
Heavy O/W Aqueous phase Chemicals NaOH Co-solvent cost
emulsion composition Cost ($/1bs) 0.5 1
80% heavy oil | 1.6% phenol-15EO .
20% aqueous 02% NaOH Ibs/bbl of emulsion 0.14 1.1
phase 1%NaClbrine | b1 of emulsion  0.07 11 1.20
85% heavy oil | 1.6% phenol-15EO .
15% aqueous 02% NaOH Ibs/bbl of emulsion 0.1 0.85
phase 1%NaClbrine | ¢yl ofemulsion 005 085 0.90
80% heavy oil 4% phenol-15EO Ibs/bbl of Isi 014 28
20% aqueous 0.2% NaOH > ot emuision ' '
phase 2.5% NaClbrine | gp) of emulsion  0.07 28 2.90
85% heavy oil | 4% phenol-15EO I Lof Isi ) 21
15% aqueous 0.2% NaOH bs/bbl of emulsion 0. '
o :
phase 2.5% NaCl brine $/bbl of emulsion 0.05 2.1 2.15

The cost of alkali is negligible compared to the cost of co-solvent. For 1% NaCl brine,
the chemical costs are approximately $1.00/bbl of 80-85% heavy O/W emulsions. For
2.5% NaCl brine, the chemical costs are approximately $2.90/bbl and $2.15/bbl of 80%
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and 85% heavy O/W emulsions, respectively. The chemical costs are very competitive if

not several times cheaper compared to the cost of diluents.

7.5 CONCLUSIONS

Successfully upscaling laboratory rheological measurements of heavy oil-in-water

emulsions to flow in full scale crude oil pipelines is not simple. Using the rheological

and wall slip equations developed in Chapter 5, the flow of concentrated heavy O/W

emulsions in pipelines of various radii is calculated in terms of VP vs. Q. The effect of

droplet migration is modeled in pipelines using the equation developed in Chapter 6. The

following conclusions have been discovered about flow of concentrated heavy O/W

emulsion in pipelines:

1.

Concentrated heavy O/W emulsions showed very unique velocity profiles in a
pipe unlike Herschel-Bulkley fluids.

The VP vs.Q of heavy O/W emulsions in laminar flow can be calculated using
two methods: 1) The velocity profile approach and 2) friction factor approach. A
modified generalized Reynolds number and laminar flow friction factor equation
are proposed.

40% O/W emulsion showed a delayed transition from a laminar to turbulent
regime as well as drag reduction capabilities. Drag reduction of heavy O/W
emulsions can significantly increase the maximum flow rates of emulsions in
pipelines.

Commercial steel pipeline surfaces have sufficient roughness to inhibit wall slip.
However, a smooth pipeline surface can be created with a chemical coating,
which can enable wall slip. Chemically coating the pipeline wall provides the

following benefits for flow of concentrated heavy O/W emulsions in pipelines:
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a. Negligible or a very small yield stress due to wall slip, resulting in easier
flow startup.

b. Increased flow rate near the flow induced yield stress (0.57,, < 1, <
27,,) for some concentrated heavy O/W emulsions due to wall slip.
Depending on the wall slip model parameters of the emulsions, significant
improvements in flow rates can be observed for pipes with large radii
(R < 0.6 m). This non-negligible contribution of wall slip to emulsion
flow rates in pipelines with a large radius is against the conventional
theory in the literature that wall slip is only significant in flow conduits
with a small radius.

c. Pipeline coatings provide a barrier between the aqueous phase and the
pipeline, eliminating pipeline corrosion.

5. Optimized heavy O/W emulsions with up to 75% dispersed oil phase can be
successfully transported in crude oil pipelines with the existing infrastructures (no
droplet migration). With the droplet migration effect, heavy O/W emulsions with
up to 85% dispersed oil phase can be successfully transported in crude oil
pipelines.

6. The cost of chemicals used to prepare optimized heavy O/W emulsions is low and

competitive compared to the cost of diluents.
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NOMENCLATURE

Absolute roughness of pipe wall

Critical shear rate

Critical velocity at r;,

Cross sectional area

Dimensionless un-sheared plug radius
Dispersed-phase volume fraction of emulsions
Fanning friction factor

Fitting parameter for droplet migration equation
Flow index

Flow consistency index

Fluid density

Hedstrom number

Local flow index

Local radial position in a pipe

Local velocity

Maximum packing volume fraction (¢,,,) of dispersed-phase possible
without deformation of the spherical dispersed-phase
Mean velocity

Mean volumetric flow rate

Pipe radius

Pipe diameter

Pipe length

Pressure

Pressure gradient

Radius of the plug core

Reynolds number

Shear rate

Shear rate at the tube wall

Shear rate at the tube wall with droplet migration
Shear stress

Shear stress at the tube wall

Slip yield stress

Viscosity

Wall slip velocity

Yield stress

Yield stress function
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Chapter 8: Conclusions and Recommendations

This dissertation addressed the rheology of colloidal suspensions with a focus on
heavy oil-in-water emulsions. The study investigated whether heavy oil-in-water
emulsions are a viable method of transporting heavy oils in pipelines as an alternative to
the diluent method. The goal is to prepare heavy oil-in-water emulsions with as high a
dispersed oil phase as possible while still maintaining low emulsion viscosity for pipeline
transportability. The conclusions are split into three parts: 1) preparation method; 2)
rheological characterization; and 3) flow upscaling of heavy oil-in-water emulsions. At

the end, recommendations for future research are discussed.

8.1 CONCLUSIONS ON PREPARATION OF HEAVY OIL-IN-WATER EMULSIONS

A new, one-step method of preparing heavy oil-in-water emulsions with the
chemical formulation approach is proposed. Most heavy oils contain acidic chemical
compounds which can react with an alkali to generate natural surfactants. Heavy oil and
an aqueous phase composed of an alkali, electrolytes, and a co-solvent were hand mixed
at an elevated temperature to prepare emulsions. Two variables, Sauter mean diameter
(d3) and maximum sphere packing parameter (¢,,), were calculated from the droplet
size distribution of the emulsions. Previous studies have found that the viscosity of
emulsions are lower when the ratio of the dispersed phase concentration to the maximum
sphere packing parameter ¢/, is smaller and d3, is higher. In this study, chemical
formulations were identified that produced heavy oil-in-water emulsions with high ¢,
values and good stability. The following observations were identified from these
experiments:

1. Stable heavy oil-in-water emulsions were prepared with four different heavy oils

of varying viscosities and origins.
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2. A sufficient alkali concentration is necessary to prepare homogenous emulsions
that emulsified all oil. Stable emulsions were prepared with NaOH, Na>CO3, and
alkyl amines.

3. Emulsions with ¢ < 70% showed sedimentation or creaming of oil droplets over
days. However, emulsions were restored to its original homogeneous state after
mildly shaking the samples a few times. Emulsions with ¢ > 70% showed
stability against both coalescence and sedimentation/creaming for days if not
weeks.

4. Ethoxylated co-solvents were found to be very robust chemicals that can be
tailored to the salinity of the available water source to prepare heavy oil-in-water
emulsions with high ¢,,.

a. Emulsions prepared with only an alkali inverted from oil-in-water to
water-in-oil at very low salinity (~0.5-1% NacCl).

b. Emulsions prepared with an alkali and a hydrophilic co-solvent increased
the emulsion inversion salinity up to 2.5-3% NaCl.

5. A combination of three variables were necessary to prepare heavy oil-in-water
emulsions with high ¢,

a. A sufficient concentration of alkali

b. A sufficient concentration of co-solvent

c. ~75% of the Na" concentration necessary to reach the salinity at which
point the inversion of oil-in-water to water-in-oil emulsion takes place.

6. @, values as high as 0.95 were measured for optimized 80% heavy oil-in-water
emulsions.

7. Photomicrographs of heavy oil-in-water emulsions showed that the oil droplets

are attractive in nature and formed aggregating structures.
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8.2 CONCLUSIONS OF CONCENTRATED EMULSION RHEOLOGY

Heavy oil-in-water emulsions showed complex rheological properties. The type
of viscometer used to measure the rheological properties of heavy oil-in-water emulsions

provided different information about the rheology of emulsions.

8.2.1 Rotational Viscometer

Smooth parallel plates and roughened parallel plates were used to characterize the
rheological properties of heavy oil-in-water emulsions with steady state, oscillatory, and
transient measurements.

1. For moderately concentrated heavy oil-in-water emulsions (¢ < 0.55 — 0.65)
a. Only a single yield stress was observed.
b. Wall slip was observed below and just above the yield stress.
2. For concentrated heavy oil-in-water emulsions (¢ > 0.60 — 0.75)
a. Two-step yielding behavior was observed: A traditional yield stress and a
flow induced yield stress.
b. Two-step slip behavior was observed below and just above the traditional
yield stress and below and just above the flow induced yield stress.
3. A combination of two Herschel-Bulkley equations accurately modeled the
rheological properties of heavy oil-in-water emulsions.
4. A wall slip equation was developed to model the two-step slipping behavior of
heavy oil-in-water emulsions with measurable emulsion properties such as the

yield stresses, yield strains, and mean droplet diameter.
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8.2.2 Capillary Tube Viscometer

Capillary tube viscometers were used to mimic the flow of emulsions in pipelines.

The following conclusions were made from the rheological measurements using the

capillary tube viscometers

1.

The wall slip behavior of heavy oil-in-water emulsions characterized using
capillary tube viscometers agreed with the wall slip behavior characterized using
parallel plates.

Lower emulsion viscosities were measured using the capillary tube viscometers
compared to the emulsion viscosities measured using parallel plates even when
wall slip was eliminated. The lower emulsion viscosities measured in capillary
tube viscometers were attributed to droplet migration away from the tube wall.
Diameter of the capillary tube viscometer (D=0.7-7mm) had no effect on the
degree of droplet migration in steady state flow of emulsions.

The ratio of the shear rates experience by heavy oil-in-water emulsions in parallel
plates to the wall shear rates in tube viscometers with droplet migration was found
to be proportional to the square root of wall shear stress divided by the fluid
density ¥ /Y am~~/Tw/P-

Droplet migration in capillary tube viscometers reached steady state at a much
lower ratio of tube length to diameter, Ly;/D, than predicted based on the current
theory of droplet migration found in the literature. This may be due to the inter -
droplet attraction between the oil droplets, which leads to the formation of large
aggregate structures.

The apparent viscosities of 80% heavy oil-in-water emulsions flowing in capillary
tube viscometers were up to ten times lower compared to the viscosities measured

with rotational viscometers. Apparent viscosity measurements in capillary tube
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viscometers of <350 cSt were achieved for optimized heavy oil-in-water

emulsions with oil concentrations up to 85%.

8.3 CONCLUSIONS ON UPSCALING FLOW OF HEAVY OIL EMULSIONS

The rheological, wall slip, and droplet migration equations were used to upscale

the flow of heavy oil-in-water emulsions from laboratory viscometers to full-scale crude

oil pipelines. The major conclusions about the flow of concentrated heavy oil-in-water

emulsion in pipelines:

1.

Unlike Herschel-Bulkley fluids, concentrated heavy oil-in-water emulsions
showed unique velocity profiles in a pipe.
The pressure gradient versus flow rate VP vs.Q of heavy oil-in-water emulsions
in laminar flow can be calculated using two methods: 1) The velocity profile
approach and 2) friction factor approach. A modified generalized Reynolds
number and a laminar flow friction factor equation are proposed.
A 40% oil-in-water emulsion showed a delayed transition from a laminar to
turbulent regime as well as drag reduction capabilities. Drag reduction of heavy
oil-in-water emulsions can significantly increase the maximum flow rates of
emulsions in pipelines.
Commercial steel pipeline surfaces have sufficient roughness to inhibit wall slip.
However, a smooth pipeline surface can be created with a chemical coating,
which can enable wall slip. Chemically coating the pipeline wall provides the
following benefits for flow of concentrated heavy oil-in-water emulsions in
pipelines:

a. Negligible or a very small yield stress due to wall slip, resulting in easier

flow startup.
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b. Increased flow rate near the flow induced yield stress (0.57,, < 1, <
27,,) for some concentrated heavy oil-in-water emulsions due to wall slip.
Depending on the wall slip model parameters, significant improvements in
flow rates can be observed for pipes with large radii (R < 0.6 m). This
non-negligible contribution of wall slip to emulsion flow rates in pipelines
with a large radius is against the conventional theory in the literature that
wall slip is only significant in flow conduits with a small radius.

c. Pipeline coatings provide a barrier between the aqueous phase and the
pipeline, reducing or eliminating the risk of pipeline corrosion.

5. Optimized heavy oil-in-water emulsions with <75% dispersed oil phase can be
successfully transported in crude oil pipelines with the existing infrastructures
assuming no droplet migration. With the droplet migration effect, heavy oil-in-
water emulsions with up to 85% dispersed oil phase can be successfully
transported in crude oil pipelines.

6. The cost of chemicals used to prepare optimized heavy oil-in-water emulsions is

low and competitive compared to the cost of diluents.

8.4 NEW CONTRIBUTIONS TO THE HEAVY OIL-IN-WATER EMULSION TECHNOLOGY

A significant amount of time and effort has been invested by the scientific
community and oil industry to develop an economically and technically viable method of
transporting concentrated heavy oil-in-water emulsions in crude oil pipelines. New
research findings related to the heavy oil-in-water emulsion technology are summarized
below. These new developments are expected to make the technology competitive to the
dilution method of transporting heavy oils.

A summary of the heavy oil-in-water emulsion technology in the literature:
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1.

2.

Pilot and commercial pipeline transportation of heavy oil-in-water emulsions
a. Orimulsion® (70% O/W) showed apparent viscosity of 2,000 cP at 10 s in a
pipeline.
b. Indonesian pipeline (70% O/W) showed apparent viscosity of 400 cP at 10 s™!
in a pipeline with D=0.5 m.
c. Heavy O/W emulsions with ¢ > 70% resulted in extremely viscous
emulsions which cannot be transported in pipelines.
Difficulty predicting the flow rates of heavy oil-in-water emulsions in pipelines from

the laboratory viscosity measurements.

New contributions to the Technology:

1.

Optimized chemical formulations developed to prepare concentrated heavy oil-in-
water emulsions with low viscosity.

Identified that heavy oil-in-water emulsions prepared with alkali formed
aggregates/clusters of oil droplets due to the attractive inter-droplet interactions.

Fully characterized the rheological properties of heavy O/W emulsions in a broad
range of shear rates (y = 10™* — 102 s71).

Developed rheological and wall slip equations for heavy O/W emulsions that

modeled flow over a broad range of shear rates (y = 10™* — 102 s71).

. Identified evidence of droplet migration in capillary tube viscometers. Diameter of

the capillary tube viscometer (D=0.7-7mm) had no effect on the magnitude of droplet
migration in steady state flow of emulsions.

Developed an equation that modeled the effect of droplet migration.

Showed experimental evidence of the drag reduction capabilities of heavy oil-in-

water emulsions.
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8. Showed with upscaling calculations that optimized heavy oil-in-water emulsions with

@ < 85% can be successfully transported in existing crude oil pipelines.

8.5 RECOMMENDATIONS FOR FUTURE RESEARCH

Based on the knowledge and experience gained from this research, the following

recommendations for future research are made:

1.

The combinations of chemicals such as alkalis, electrolytes, surfactants, and co-
solvents that can be used to prepare heavy oil-in-water emulsions are enormous.
Additional tests should be done to find the optimal chemical formulations to
produce concentrated heavy oil-in-water emulsions with even lower viscosity.
Micromechanical models have been developed that relate the rheological
properties of concentrated emulsions with an unimodal droplet size distribution
and repulsive droplet interactions to the physicochemical properties of the
emulsion. Similar models for concentrated emulsions with a polydisperse droplet
size distribution and attractive droplet interactions would be extremely valuable in
terms of relating the physicochemical properties of heavy oil-in-water emulsion to
their rheological properties.

Research on the aggregation kinetics of attractive oil droplets is necessary to fully
understand the rheology of heavy oil-in-water emulsions. How do aggregates

form? What is the aggregate size? How do aggregates breakup under shear?

4. Research on the droplet migration of heavy oil-in-water emulsions in pipes

a. Measurements of velocity profiles and concentration profiles at steady
state flow to confirm droplet migration.
b. Investigate how the emulsion physicochemical properties such as heavy

oil viscosity, mean droplet diameter, interfacial tension, dispersed phase
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concentration, inter-droplet interactions affect the kinetics and magnitude
of droplet migration.

c. Investigate the Lg;/D required to develop a steady state profile in terms of
droplet migration in pipes for heavy oil-in-water emulsions that form
larger aggregate structures. An equation must be developed to upscale
L¢s/D measured in laboratory to crude oil pipelines. Lgs must be
significantly smaller than the pipeline length between pumping stations to
take advantage of the viscosity reduction effect of droplet migration on the
flow of of heavy oil-in-water emulsions.

5. Perform turbulent flow experiments with concentrated heavy oil-in-water
emulsions to quantify

a. The stability of heavy oil-in-water emulsions in turbulent flow.

b. The drag reduction capability of heavy oil-in-water emulsions

c. Critical Reynolds number where laminar flow ends and transitions to
turbulent flow.

6. Research on the rate of the corrosion of crude oil pipelines due to flow of heavy
oil-in-water emulsions is necessary. If heavy oil-in-water emulsions corrode
crude oil pipelines, solutions to eliminate corrosion of pipelines are necessary.
Chemical corrosion inhibitors such as amines might be appropriate because
amines can be added to the chemical formulation used to prepared emulsions in a
small quantity without affecting the stability of emulsions.

7. The emulsified heavy oils must be demulsified when it reaches the refinery. An
efficient and cheap method of demulsifying heavy oil-in-water emulsions must be
identified. Since high pH is necessary to generate the soaps used to stabilize the

emulsions, lowering the pH with acids may be an effect method of destabilizing
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and demusifying the emulsions. Increasing the temperature, mixing with a small
amount of diluents, and centrifuging are also expected to increase the rate of

demusification.
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Appendix

Table Al: Major crude oil pipeline dimensions and operating conditions in the world

Calculated | Shear
Shear Rate @ Velocity Velocity
Max Flow Current Rate (1/s) Current (miles/hr) | (miles/hr) Reynold's Reynold's # Pressure
Length Diameter Rate Flow Rate @ Max Flow @ Max @ Current | #for Max for Current Drop

Pipeline Name (miles) (inch) (bbl/day) (bbl/day) Flow Rate | Rate Flow Rate | Flow Rate | Flow Rate | Flow Rate f (psi/mile)
Africa
Chad-
Cameroon 645 30 250,000 110,000 10.59 4.66 2.26 0.99 30077 13234 0.00595 2.84
Sumed 200 42 2,500,000 | 1,700,000 38.61 26.25 11.52 7.83 214832 146086 0.00397 35.26
Asia
Caspian 940 40 1,300,000 700,000 23.24 12.51 6.60 3.55 117298 63161 0.00445 13.62

42 1,300,000 700,000 20.07 10.81 5.99 3.22 111713 60153 0.00449 10.77
Eastern Siberia-
Pacific Ocean 3,018 48 1,600,000 | 1,000,000 16.55 10.35 5.64 3.53 120306 75191 0.00442 8.23
Habshan-
Fujairah 220 48 1,500,000 | 1,000,000 15.52 10.35 5.29 3.53 112787 75191 0.00447 7.33
Kirkuk Ceyhan 600 40 500,000 8.94 2.54 45115 0.00542 2.46

46 1,100,000 12.93 4.22 86307 0.00472 5.15
Samsun-Ceyhan 340 42 1,500,000 | 1,000,000 23.16 15.44 6.91 4,61 128899 85933 0.00437 13.95

48 1,500,000 | 1,000,000 15.52 10.35 5.29 3.53 112787 75191 0.00447 7.33
Europe
Forties 105 36 700,000 700,000 17.17 17.17 4.39 4.39 70179 70179 0.00494 7.43
Ninian 109 36 910,000 22.31 5.71 91232 0.00468 11.90
North America
Keystone 2,147 30 590,000 25.00 5.33 70981 0.00494 13.13

2,000 36 1,100,000 26.97 6.90 110281 0.00451 16.75
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Table Al continued.

Trans-Alaska 800 48 2,136,000 600,000 22.10 6.21 7.53 2.12 160609 45115 0.00418 13.88
100- 0.25-2.5 0.1-1.7

Range 3000 30-48 MMbbl/d MMbbl/d 9~40 4.5-26 2-11.5 1~8

Average 19.91 12.41 5.74 3.73 105560 11.33

Minor Pipelines

Portland-

Montreal 236 18 192,000 37.67 4.82 2.76 38498 0.00566 20.50
24 410,000 33.93 5.78 1.55 61657 0.00510 19.99

Houma to

Houston

Pipeline 22 325,000 325,000 34.92 34.92 5.46 1.85 53317 0.00527 20.03

Houma to St.

James, LA 18 260,000 260,000 51.01 51.01 6.52 2.76 52133 0.00531 35.24

Athabasca 335 30 345,000 14.62 3.11 0.99 41506 0.00554 5.03

Chicap 205 26 360,000 23.43 4.33 1.32 49973 0.00533 10.78

Oil viscosity of 20 cP and oil density of 800 kg/m® is assumed. Absolute roughness of pipeline is 50 pum.
Colebrook-White equation is used to calculate the friction factor in turbulent flow.

310



A2 RHEOLOGY

The rheological characterization of colloidal suspensions are very challenging in
terms of picking the right hardware, measurement procedures, and data analysis
techniques. This section discusses in detail these issues with regards to the rheological

measurements of non-Newtonian fluids such as heavy O/W emulsions.

A2.1 Types of non-Newtonian Behavior

For an incompressible and isotropic Newtonian fluid in 1D, the viscous stress can
be defined as follows:
T=u Z_’; (A2.1)
where p is the viscosity of the fluid and du/dy the shear rate, y, defined as the derivative
of the fluid velocity that is parallel to the direction of shear. For a Newtonian fluid, p is a
constant.

Some fluids show nonlinear 7/y relationship that is a function of y. The shear-

dependent fluid property of fluids is modeled by a Power-law model:
du™
=K o (A2.2)

where K is the flow consistency index and n the flow behavior index. Using Eq. A2.1,
the viscosity of a Power-law fluid is modeled:

dun—l

n=Ke (A2.3)

Power-law fluids are grouped into three types of fluids based on the value of n.
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Table. A2: Types of Power-Law Fluids

n Type of Fluid Effect on Viscosity

n<l1 Pseudoplastic lu=Ty
(Shear-thinning)

n=1 Newtonian UFEY
(Shear-
independent)

n>1 Dilatant Tu=ry
(Shear-thickening)

There are fluids that require a finite stress before they begin to flow. The finite

stress required for fluid flow is termed yield stress of a fluid, 7,,. The presence of a yield

stress is modeled by a modified Power-law model, Herschel-Bulkley (HB) model:

T=1, +Ky" (A2.4)
When n=1 and n <1, the fluids are called Bingham plastic and Bingham
pseudoplastic, respectively. The viscosity of Herschel-Bulkley model is a function of

shear rate and is defined as:
U= % + Ky™ 1 (A2.5)

Figure A1l illustrates the various fluids with non-Newtonian properties as T vs.y plot.
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Classification of non-Newtonian fluids with 7 vs.y relationships.
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The 7 vs.y relationship can also be a function of time for some fluids. When 7 increases

or decreases as a function of time 7(t) at a constant y, the fluids are referred to as

rheopectic and thixotropic, respectively.

Each non-Newtonian property of concentrated heavy O/W emulsions presents its

own unique opportunities and challenges in flow design and optimization which are

summarized in Table A3.

Table A3: Non-Newtonian properties of concentrated emulsions and the opportunities
and challenges present for flow design and optimization
Definition Opportunities | Challenges Characterization
Shear thinning Viscosity Lower viscosity at | Viscosity not | Measure T = f(y)
decreases when | higher shear rate constant for varying | for a wide range of y
u=Ky*1n<1 | subjected to flow conduit | ;nq calculate n =
higher shear dimensions and | |h7 /Iny
rate flow conditions
Yield stress Finite stress is | Lower rate of | Flow start up can | Measure T = f(y)
required before | creaming/sedimen | become a challenge | for 4 wide range of y
= 2+ Ky fluid begins to ta%tlon at rest b/w as wel'l as very high and extrapolate T to
14 flow dispersed and | viscosity at low

continuous phases

shear rates

y=20

Slip at the wall

Happ
1

T
y -
=+ Kyap"
Yapp

).’app >y - Happ
<mu

Finite fluid
velocity is
observed as a
boundary
condition at the
flow conduit
surface

than
expected apparent
viscosity at a flow
rate

Lower

Upscaling viscosity
vs. shear rate for
varying flow
conduit dimensions
is a challenge since
slip is a function of
effective flow

conduit diameter

T=f®)
for a wide range of y
using a roughened
and smooth surface
flow conduit

Measure

Thixotropy

p=fr0

Viscosity is a
function of time
as well as shear
rate

Lower viscosity is
observed as the
fluid is sheared
longer

Flow startup can be
problematic if
viscosity is higher
than expected

Measure T = f(y,t)
as a function of time
for each shear rate
until steady state T is
reached
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A2.2 Measurement Geometries

There are various measurement geometries that can be used to characterize the
fluid samples. The geometries can be divided into two major groups. First, flow is
caused by moving one of the walls that the sample is in contact, dragging the fluid along.
This is termed “drag flow.” Second, the sample is forced to flow in a channel with

bh

pressure. This is termed “pressure flow.” Both types of measurement geometries have
their advantages and limitations. This chapter focuses on the drag flow method of
characterizing emulsion properties. Chapter 6 focuses on the pressure flow method of
characterizing emulsions properties which is how pipelines operate.

The most common type of device utilized to achieve drag flow in laboratories is
the rotational viscometer. The three most commonly used rotational viscometer

geometries are a cone-and-plate, parallel plates, and Couette (see Fig. A2 for

illustrations).

Fig. A2: Types of rotational viscometer geometries (a) a cone and plate; (b) parallel
plates; (c) Couette (coaxial cylinders). Obtained from Mewis and Wagner 2011

There are two types of viscometers, stress controlled and strain controlled. For stress
controlled viscometers, the torque/stress is the independent variable and strain/shear rate

is the measured dependent variable. The opposite is the case for strain controlled
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viscometers. Most of the experiments in the chapter have been conducted with the strain
controlled procedure with a few stress controlled measurements. The general workflow
is to specify the shear rates using the strain controlled rheometer as an independent
variable. The torque measurements from the force transducers are recorded which is
dictated by the sample rheology. Based on the dimensions of the measurement geometry,
the torque measurements are converted to stresses, and the ratio of the shear stresses to
shear rates yields the sample viscosity. The equations used to calculate the shear rates
and stresses based on the measurement geometries, angular velocities, and torques can be
found in most non-Newtonian fluid textbooks [Chhabra and Richardson (2011)]
Parallel Plates

Parallel plates are the simplest measurement geometry and the easiest to use.
However, the key limitation of parallel plates is the linearly varying shear rate from zero

at the center to a maximum at the edge of the plates represented by:

7 = (A2.6)

where y(r) is the shear rate at a radial position r, 2 the angular velocity in rad/s, r a
radial position, and h the gap width between plates. Shear stress also varies as a function
of radial position represented by:

T dIn(T)
2mR3 3+ dln(]'/(r)))

(r) = (A2.7)

where 7(r) is the shear stress at a radial position 7, T the torque, and R the radius of the
plates. For Newtonian fluids whose viscosity is independent of shear rate, the ratio of
shear stress (Eq. A2.7) and shear rate (Eq. A2.6) at the edge of the plate (r = R)
accurately represents the viscosity. However, for non-Newtonian fluids whose viscosity

is a function of shear rate, Eq. A2.7 must be modified using an appropriate correction

315



method to obtain accurate shear stress values. The correction method is discussed in
Chapter 5.
Cone and Plate

A cone and plate geometry overcomes the limitation of parallel plates by
substituting the top plate with a cone whose angle is usually @ < 0.1 rad. The angled

cone results in a shear rate that is independent of radial position and is represented by:

. 0
y(r) =2 (A2.8)
The shear stress is also independent of radial position and is represented by:

3T
T=o— (A2.9)

The homogeneous shear field of the cone and plate geometry makes it ideal for
measuring non-Newtonian fluids. However, the gap width of the cone and plate
geometry is fixed and cannot be varied. The gap width is also very small and not ideal
for colloidal suspensions with large particles.
Couette

Couette cell is defined as an annular gap between coaxial cylinders. Couette cells
are ideal for low viscosity samples because of the large surface area of the setup. The
stress is represented by:

T
T(T‘) = 27 Lr2

(A2.10)

where L is the length of the cylinders. The shear rate depends on the radial position but
an average value can be estimated if the ratio of the radii of the bob to the cup is close to
one; ie, the gap between the cylinders is very small.

ORayp
Yav = R.—R
c—p

(A2.11)

where R, is the average radius of the cup and the bob, (R. + Rp)/2.
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The advantages, limitations and challenges of rotational measurement geometries

are summarized in Table A4 below.

Table A4: Summary of the Measurement Geometry Properties
Parallel Plates | Cone and Plate | Couette Pipe Flow
(Pressure)
Shear Rate Shear rate Constant shear Shear rate Shear rate

dependent on the

rate independent

dependent on the

dependent on the

radial position of radius radial position radial position
position
Sample size Small Small Medium Large
Fluid with (1) (1) Good (1) Good (1) Excellent (1) Poor
low & (2) high (2) Excellent (2) Excellent (2) Good (2) Excellent
viscosity
Flow Regimes Limited to Limited to Limited to Laminar &

laminar flow

laminar flow

laminar flow

turbulent flow

possible
Ease of Use Easy Easy Easy Difficult
Non-Newtonian Shear stress Excellent Excellent Shear stress
Fluid correction correction
Characterization necessary necessary
Wall Slip Excellent Good Good Possible
Characterization
Ease of loading Excellent Good Poor Poor
viscous samples
Measurement Easy Very difficult Very difficult Difficult
Gap Change

The choice of which measurement geometry to use must be made based on the relevant

sample parameters, general measurement problems associated with colloidal suspensions,

and methods utilized to eliminate or reduce the measurement problems.

A2.3 Measurement Problems

Many measurement problems are associated with colloidal suspensions.

The

problems have to be recognized and eliminated/reduced with proper measuring procedure

317



and hardware for accurate rheological characterization. Possible measurement problems
are wall slip, shear banding, density difference between the dispersed and continuous
phases leading to phase separation for non-colloidal size of dispersed phase, time-
dependent rheological response (thixotropy or rheopexy), shear/edge fracture, and
particle/aggregate size
Wall Slip

Most colloidal suspensions, especially attractive soft glasses show slip behavior
on smooth surfaces. A thin layer of continuous phase forms near the flow surface as a
result of geometric constraints of compress dispersed-phase particles/droplets. Meeker et
al. (2004) utilized elastohydrodynamic theory to show that wall slip of soft glasses is
characterized by the slip velocity or slip length proportional to the particle/droplet size.
Wall slip causes the real shear rate experienced by the bulk sample to be lower than the
apparent shear rate calculated from the flow conditions. Total fluid velocity is defined
as:
Vtotal = Vhuik T Vstip (A2.12)
where vy, 1s the bulk sample velocity and vg;, the velocity caused by wall slip. The
Vstip/Vtotar Tatio is inversely proportional to the flow conduit diameter at a constant wall
shear stress. The implication of this relationship is that the wall slip contributes more to
the total flow when flow diameter is small and wall slip vanishes as the flow diameter
approaches infinity. Thus, wall slip must be carefully characterize when flow properties
need to be estimated for flow conduit dimensions that are different compared to the
viscometer geometry dimensions.
Particle/Droplet Sedimentation or Creaming

When dispersed-phase droplets/particles are small enough (d <1 um), the

Brownian force dominates over gravitational force and constant vertical concentration of
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dispersed-phase is observed. For non-colloidal sized particle/droplets (d > 1 um),
density difference between the dispersed-phase and continuous-phase results in a vertical
concentration gradient of the dispersed-phase. The dispersed-phase droplets/particles
float upward (creaming) or sink (sedimentation). For dilute suspensions, the phase

separation velocity can be modeled with Stokes’ Law:

_ 2R%Apg
V= “ome (A2.13)

where V; is the sedimentation/creaming velocity, R the radius, Ap the density difference
between the dispersed-phase and continuous phase, g the gravitational constant, and .
the continuous phase viscosity. Correction factors are introduced to Eq. A2.13 for more
concentrated suspensions. Sedimentation or creaming colloidal suspensions contribute to
the formation of a slip layer either at the top or bottom of the measurement geometry,
reducing the apparent viscosity.
Shear Banding

A similar phenomenon to wall slip is termed shear banding. Shear banding refers
to the coexistence of inhomogeneous flow (macroscopic bands/layers with different
viscosities) within the bulk sample even with homogeneous shear rates. It has been
shown to occur in complex fluids such as soft glasses and suspensions. Sample
heterogeneity is the fluid property thought to be linked to the occurrence of shear banding
in the literature. Similar to slip flow, shear banding flow results in lower apparent
viscosity.
Shear/Edge Fracture

Shear/edge fracture is a measurement error that can occur with colloidal
suspensions. This phenomenon leads to the expulsion of a sample from the gap between

parallel plates or cone and plate at high shear rates. It can limit the upper shear rate at
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which reliable steady state stress values can be measured. Visual inspections must be
conducted to make sure no sample expulsions occur during measurements.
Time-Dependent Rheological Properties

Many colloidal suspensions have shown evidence of type-dependent rheological
properties. Shear stress decreasing as a function of time (thixotropy) or increasing as a
function of time (rheopexy) at constant shear rates have been observed extensively in the
literature. Suitable experimental protocols must be established and used to ensure steady
state flow conditions are developed before rheological measurements.
Gap Width of Measurement Geometry

The rule of thumb for colloidal suspensions rheology is to ensure that the
measurement gap between the plates must be > 10 X the average particle diameter. Very
narrow gap of < 10 X the average particle diameter has been shown to cause jamming
between the droplets/particles, resulting in inaccurately high apparent viscosity and
sample expulsion. Small gaps might also lead to the interference of aggregate formation
to its full hydrodynamic size, altering the suspension rheology. Thus, measurement gap
width of > 10 X average aggregate diameter may be necessary for attractive soft glasses
that form aggregate structures. Thus, the ability to easily vary the gap width of
measurement geometry becomes necessary to eliminate the effect of gap width on

attractive suspension rheology.

A2.4 Selection of Measurement Geometry

When planning rheological measurements of colloidal suspensions, the
appropriate choice of measurement geometry must be made based on the rich variety of

measurement challenges summarized in Section A2.2.
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The number one challenge, common to all measurement geometries, is how to
eliminate wall slip. One of the possible solutions is to artificially create surface
roughness on the measurement geometry. Roughened surfaces, with roughness larger
than the largest particle diameter, have been commonly utilized in the literature to
effectively eliminate the effect of slip flow, and when measured also with smooth plates,
to characterize the slip behavior.

The cone and plate geometry is the preferred choice because of the constant shear
rate independent of radius position, unlike the parallel plate or Couette geometries. The
use of cone-and-plate makes data analysis extremely simple. However, a key problem
with a cone-and-plate geometry is the inability to vary the gap size between the cone and
plate. The small gap width may prove problematic because of the large particle and
aggregate size of heavy O/W emulsions observed in Chapter 4. As discussed earlier, the
gap width must be orders of magnitude larger than the particle or aggregate size for
accurate rheological measurements. Similar problem is observed with the Couette
geometry where the width between the cylinders is small and cannot be varied.

Parallel plate geometry has the most advantages and the least limitations for
rheological characterization of heavy O/W emulsions based on the droplet and aggregate
size of heavy O/W emulsions and the ease of varying the gap width. All three rotational
viscometer geometries can be roughened. However, roughened parallel plate geometries
are readily available commercially compared to the others. A minor
sedimentation/creaming of samples can be tolerated with roughened parallel plates if the
layer of continuous phase is thinner than the roughness of the plates. While the shear
rate/shear stress is not uniform with a parallel plate geometry, shear stress data can be
corrected for non-Newtonian samples after measurements with good accuracy. Using

both smooth and roughened parallel plates of same dimensions would also enable the
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characterization of the slip behavior of heavy O/W emulsions. Parallel plates are also the
simplest geometry to load, use, and clean. A very small sample size of 1-2 ml is required

for 50mm diameter parallel plates with gap width varying from 0.5-1mm.

A2.5 Rheological Measurement Techniques and Procedures

There are many rheological measurements and tests that can be performed with
modern rotational viscometers on colloidal suspensions to quantify their rheological

properties.
A2.5.1 Steady-State Rheology

The most common type of rheological test that is performed on any material is the
steady-state measurements. Steady-state measurements are performed by increasing or
decreasing the shear rate at a given rate, termed shear rate sweep. The torque values are
measured and shear stress/viscosity values calculated based on the measurement
geometry for each shear rate during the shear rate sweep. The end result is a curve of T
vs. ¥ or u vs. y for the range of y tested. Various analysis methods can be utilized to gain
valuable material properties from the 7 vs. ¥ plots. Yield stress, shear-dependent flow
behavior, hysteresis, and wall slip behavior are some of the information that can be
obtained from steady-state measurements. Fig. A3 shows the typical flow curves of T vs.
y for repulsive soft glasses; a microgel paste and a concentrated silicone oil-in-water

emulsion, measured by Meeker et al. (2004).
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Fig. A3: Flow curves with (open symbols) and without (full symbols) wall slip for a

microgel paste (circles) and a silicon oil-in-water emulsion (diamonds, R=1.5 um,
¢=0.77). Obtained from Meeker et al. (2004)

Yield Stress

In the literature, two types of yield stress measurement techniques are commonly
utilized, static yield stress and dynamic yield stress methods. Static yield stress is defined
as the minimum stress necessary to start flow and is more relevant for flow start-up
operations. Methods of measuring static yield stress are stress/strain ramp tests and will
be discussed in the transient rheology section below. Dynamic yield stress is defined as
the minimum stress necessary to maintain flow and is more relevant during steady-state
flow conditions. There are two commonly used methods of measuring the dynamic yield
stress.  First method utilizes oscillatory rheology and is discussed in the following
section. Second method estimates the dynamic yield stress by fitting an appropriate
rheological model to the T vs. y data.

There are two requirements for accurately measuring the dynamic yield stress

with the model fitting method. First, the T vs. y data must be measured over a broad
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range of y, with emphasis on measuring the ¢ to the lowest possible y within the
rheometer accuracy limit. The model fitting method works by extrapolating the 7 to y =
0 from the measured 7 vs. y data. The extrapolated dynamic yield stress is indicated with
an arrow in Fig. A3. Second, an appropriate rheological model must be determined based
on the T vs. y data for dynamic yield stress extrapolation. Most soft matter materials
show both yield stress and shear-thinning properties and the Herschel-Bulkley (HB)
model, T = 7, + Ky", has been used in the literature with great accuracy in modeling the
T vs. y data.
Shear Dependent Flow Behavior

A common behavior of complex fluids is the shear dependent flow behavior.
Complex fluids can show a broad range of shear dependent flow behavior ranging from
shear-thinning to shear-thickening behaviors with a broad range of shear rates. Shear
dependent flow behavior is linked directly to the microstructure of the complex fluids
which rearrange as shear is applied. Shear dependent flow behavior is characterized with
a bulk fluid flow index, n, in most rheology models where n=1,n<1, and n > 1
represent Newtonian, shear-thinning, and shear-thickening behaviors, respectively. The
n value can be estimated for complex fluids from the 7 vs. y data. The apparent flow
index, ng,p,, at any shear rate can be calculated according to the expression
d(Int)/d (Iny). A distinction must be made between n,,,, and n because properties of
complex fluids such as 7,, and wall slip can affect the n,,, at various points, but the bulk
fluid flow index, n, is independent of yield stress and wall slip.

Similar to the dynamic yield stress measurement, the n value is estimated by
fitting an appropriate rheological model to the T vs. y data. The procedure utilized to
measure the dynamic yield stress with the model fit method applies to n as well,

especially the importance of measuring T vs. y over a broad range of y. Flow curves with
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no wall slip in Fig. A3 showed n = 0.5 when HB model is fitted to the data, indicating
shear-thinning behavior.
Hysteresis

Time-dependent flow behavior such as thixotropy/rheopexy can be inferred from
performing steady-state T vs. ¥ with both increasing and decreasing y, termed upward
and downward sweep tests, respectively. Any indication of hysteresis with upward and
downward 7 vs. y data is a sign of a time-dependent flow behavior of the complex fluids.
Wall Slip

Wall slip behavior of complex fluids can also be analyzed with steady-state
measurements. Fig. A3 showed flow curves of same samples measured with smooth
surface (slip) and roughened surface (no slip). For materials that slip, the T vs. y data
measured with smooth surfaces deviated compared to the t vs. y data measured with
roughened surfaces. The effect of slip appeared to be significant below and just above
the 7,, of the bulk material.

Traditionally in the literature, wall slip has been characterized by using the
classical method introduced by Mooney (1931) for capillary or Couette geometry.
Mooney (1931) made two assumptions; (1) bulk fluid is homogeneous and a rheological
model can be found that models the T vs. y relationship, and (2) slip velocity is a function
of wall stress 7, only. To characterize the wall slip behavior, the shear rate of slipping
materials is defined as apparent shear rate, Vapp = Vsiip + Vouik Where ¥y 1s the shear
rate contribution of wall slip and y,,;, the shear rate contribution of the bulk fluid
without any slip. The equation Ygp, = ¥s1ip + Vpwik 18 modified based on the flow
geometry to extract the slip velocity. Since yg;;, is a function of flow dimensions such as
pipe radius and gap between plates, measuring the tws.y relationship with a

measurement geometry of varying dimension makes it possible to extrapolate the slip
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velocity as a function of 7. Yoshimura and Prud’homme (1988) came up with a method
of extracting yp,ix from two 7 vs.y relationships measured using smooth parallel plates

with two different gap width.

h1Vapp1(D)—h2Vapp2 (1) (AZ 14)
hi—h, .

Vou (T) =
where hy & h; are the two gap widths, and ygpp1 & Vapp2 the apparent shear rates of two
gap widths.

If both smooth and roughened parallel plates of same dimensions are available,
the Yapp» Vbuik> and Vg, values are easily obtained from the smooth plate measurements,
rough plate measurements, and Vg, — Vpuik at constant 7, respectively. The contribution
of slip to flow is calculated as a ratio Y, /Vapp at various 7. The ratio Yip/Vapp = 1
represents a complete plug flow where there is no bulk fluid flow and slip is the only
mechanism contributing to flow. The ratio Vi, /Vapp = 0 represents a bulk fluid flow
with no wall slip.

Flow velocity, V, can be calculated from y values based on the measurement
geometry used. For parallel plates, the angular velocity at the edge of the plate is
calculated according to 2 = yh/r where (2 is the angular velocity, h the gap between the
plates, and r the radius of the plates. Using the relationship between velocity at the edge
of the plates and angular velocity, V' = (2r, the following definition of flow velocity at

the edge of the plates is defined, V,,,, = 2V;

» Vapp + Vpuir based on the fact that slip occurs

lip

at both top and bottom plates as illustrated in Fig. A4.
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Fig. A4: Parallel plate velocity field. The velocity field is at a radius r. Modified
from Yoshimura and Prud’homme (1988)
Establishing the relationship, Vg, vs. 7, allows for one to calculate and upscale the flow

of a fluid that slips at the wall to any flow geometry.

A2.5.2 Oscillatory Rheology

For complex fluids that exhibit both solid and fluid like properties, dynamic
oscillatory shear tests have been becoming increasingly popular as a method of
rheological analysis in the literature. Assuming solid properties are represented by an
elastic solid, an investigation of colloidal suspensions with oscillatory tests have yielded
additional information about the elastic (stress proportional to strain) and viscous (stress
proportional to strain rate) properties of these complex materials. Instead of shearing the
samples at a constant rate, dynamic oscillatory test deforms the sample with an
oscillatory motion. The oscillatory motion is controlled by a sinusoidal function of sine
described as follows:

y(t) =y, sinwt (A2.15)
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where y(t) is the strain as a function of time, y, the strain amplitude, w the angular
frequency of oscillation, and t the time. The oscillatory shear strain imposes an
orthogonal strain rate defined as:

y(t) = yow cos wt (A2.16)

A strain step sweep at a constant frequency or a frequency step sweep at a
constant strain can be performed with the corresponding torque values measured and
therefore stress values calculated. The stress response can be analyzed with various
methods with the most common being a Fourier transform method. The stress to a
sinusoidal strain input is represented with the assumption that the shear stress waveform
contains only odd higher harmonic contributions:

o(t, ,Y0) = Yo Lnoaalan(®, 7o) sinnwt + by (w,v,) cos nwt} (A2.17)

where a, and b, are constants. Eq. A2.17 can be written as an expansion of 7 as a
function of stress response at n = 1 modified with an angle phase shift §,, and with the
odd higher harmonic contributions:

7(t, @, ¥0) = Ln=1,0aa{Tn Sin(nwt + 8,)} (A2.18)

Eq. A2.18 can be rewritten as components which are in-phase and out-of-phase with the
sinusoidal strain input:

7(t, 0,Y0) = Yo Ln oaalGn(®@,¥o) sinnwt + G, (w,¥,) cos nwt} (A2.19)

where G,, is defined as the storage modulus, and G,, the loss modulus. G;, and G, values
are materials functions (ratios of stress and strain) and represent the elastic and viscous
properties of the material respectively. Fig. A5 illustrates the stress response of
oscillatory measurements for purely elastic (Hookean), purely viscous (Newtonian), and

viscoelastic materials.
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Fig. AS: Schematic illustrations the stress response to oscillatory strain input for

elastic solid, viscous fluid, and viscoelastic material. Obtained from Murata (2012)

The elastic solid property, represented by G', causes the stress response by the
oscillatory strain input to be in phase, showing no delay in stress response to the strain
input (6 = 0°). The viscous fluid property, represented by G", causes the stress response
by the oscillatory strain input to be out-of-phase, showing a delay in stress response to the
strain input (6§ = 90°). Viscoelastic materials are a combination of elastic and viscous
properties, G’ and G", where the stress response by the oscillatory strain input is out-of-
phase with 0° < § < 90°.

The viscoelastic properties of the material can be further grouped into two
regions; linear viscoelastic region where n = 1 and no odd higher harmonic contributions
are observed and nonlinear viscoelastic region where the odd higher harmonic
contributions are present. The linear viscoelastic region is observed when G, and G,, are

only a function of w and is independent of y, which often occurs at small strain amplitude
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values. The testing in the linear viscoelastic region is termed small amplitude oscillatory
shear (SAOS) test and the stress response is represented as:

7(t, w) = y,[G(w) sin wt + G, (w) cos wt] (A2.20)

When higher odd harmonic contributions are present (Eq. A2.19), usually at large strain
amplitude values, the stress sinusoidal values are distorted and nonlinear viscoelastic
region is obtained. The testing in the nonlinear viscoelastic region is termed large
amplitude oscillatory shear (LAOS) test. Fig. A6 depicts an illustration of stress

responses and G', G" vs. y curves for both linear and nonlinear viscoelastic regions.
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Fig. A6: An illustration of strain sweep test with a fix frequency for a viscoelastic
material. The illustration indicates clear linear and nonlinear viscoelastic regions of the
material. Obtained from Hyun et al. (2011).

It is important to note that most commercial rotational viscometer analysis

softwares analyze the T vs. y data using only Eq. A2.20 and does not take into account
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the stress distortion observed in the nonlinear viscoelastic region, introducing error in the
G', G" vs. y curves at large amplitudes. The higher harmonics in stress responses were
not analyzed in this study and all oscillatory measurements in this study were report with
the default equation used in the commercial viscometer software (Eq. A2.20).

Small Amplitude Oscillatory Shear (SAOS)

Quantitative analysis of the viscoelastic properties of complex fluids can be
performed in the linear viscoelastic region. There is a critical strain at which point the
linear viscoelastic region ends and nonlinear behavior begins for strain amplitude sweep
tests at constant frequency. See an example of the oscillatory strain sweep of viscoelastic

material obtained from Christopoulou et al. (2009) below:
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Fig. A7: Oscillatory strain sweep test of colloidal suspension solution obtained from

Christopoulou et al. (2009). Vertical arrow Yy, indicates the end of the linear viscoelastic
regime, ¥, indicates the yield strain, and y; indicates the complete liquid-like response.

There are three critical strains that indicate microstructural changes within the sample.

First critical strain point, y,, in Fig. A7 is when either G’ or G" deviates from linearity.
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Second critical strain point, y,,, is the inflection point in stress response and represents the
yield stress of the sample. The third critical strain point, ¥y, is the cross-over strain of G’
and G" and represents the complete transition to pure liquid-like behavior. The definition
of y, from Christopoulou et al. (2009) is used to define the y, for all heavy O/W
emulsions tested in this study.

Picking a fixed strain amplitude below but not too far away from y,, within the
linear viscoelastic region, a frequency sweep can be performed to analyze the elastic
properties of complex fluids. A critical parameter that can be measured from a frequency
sweep, if it can be measured, is the strain and frequency independent storage modulus,
Gy. Hooke’s law can be used for elastic solids with G to calculate the dynamic yield

stress:
Ty, = GoYy (A2.21)

If the G' and G" curves crossover during the frequency sweep, the frequency at the
crossover is defined as a critical frequency, w.. The inverse value of the w., 1/w, is

defined as the relaxation time of the viscoelastic material.
Large Amplitude Oscillatory Shear (LAOS)

The strain sweep of material functions, G’ and G", can be analyzed qualitatively to
provide further information about the microstructures of complex fluids under varying
length and time scales. Hyun et al. (2002) outline four major types of LAOS behaviors

observed with complex viscoelastic fluids.
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Fig. AS: Four major typical types of LAOS behavior outlined for viscoelastic
materials by Hyun et al. (2002). (a) Type I: strain thinning (b) Type II: strain hardening
(c) Type III: weak strain overshoot (d) Type IV: strong strain overshoot

Type I strain thinning behavior is often related to shear thinning behavior observed in
steady-state shear measurements. It is commonly observed in polymer solutions and
polymer melts. Type II strain hardening behavior is often related to shear induced
formation of network, very similar to shear-thickening behavior observed in steady-state
measurements. Type III weak strain overshoot behavior is observed commonly in soft
glasses such as concentrated emulsions and suspensions. The weak strain overshoot of
G” is theorized to occur because of microstructural rearrangement and/or
clusters/aggregate destruction. Type IV strong strain overshoot behavior of G’ and G” is
observe for materials that show attractive interdroplet/interparticle interactions weaker
than Type II but stronger than Type III. The behavior has been observed with associative

polymer solutions.
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The LAOS behavior of colloidal suspensions can be analyzed qualitatively to
gather information about the interdroplet/interparticle interaction potential as well as the

microstructure of the colloidal suspensions.
A2.5.3 Transient Rheology

Transient rheology is a key rheological measurement technique that measures
time-dependent flow behavior of complex fluids. Stress vs. time for steady-state test and
G’,G” vs. time are measured with a constant shear/strain. The resultant plots can be
analyzed to recover information about the static yield stress, time-dependent

stress/viscosity (thixotropy/rheopexy), and microstructure of complex fluids.
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Table A5: Summary of the physicochemical, rheological, and wall slip parameters of heavy oil-in-water emulsion tested in
Chapter 5.
Sample| Oil | Oil |Co-solvent| Co- |[Alkali|Alkali| NaCl | Mix | d43 | d32 | ¢m [n1| k1 oyl n2 | k2 |oy2E| yc |oy2S| osy |2Vsl|2Vvs2| C GO | vyl | yy2 |wc(s)| Wt
Name Conc| Type [solvent| Type |Conc.| conc |Temp| (um) | (um) (Pa) (Pa) (Pa) | (Pa) |(um/s) (Pa) (kBT)
conc. (°c)

A80-1| A |80%| Ph15EO |1.60% |[NaOH|0.20%|0.40%| 96 |24.3|17.3|0.79 (0.5 10.5| 0.53 | 0.67 |3.8| 6.5 [0.33| 2.6 |0.15| 1.3 {3000|0.96| 6.5 | 0.01 | 2.1 | 7.7 | -32
A80-2| A |80%| Ph15EO |1.60% |[NaOH|0.20%|0.80%| 96 |21.3|14.6|0.76 (0.5| 7.6 | 0.01 | 0.76 | 3.2 4 |0.105( 1.6 0 | 0.01 |2000 | 0.96 0.01 | 1.85 -42
A80-3| A [80%| Ph15EO [1.60%|NaOH|0.20%| 1% | 96 |(18.22| 13.8|0.75|0.5| 8.1 | 0.187 | 0.78 | 2.8 4 |(015( 1.6 0 0.1 |1900|0.96 | 3.2 [0.005| 1.7 | 18.2| -46
A80-4| A |80% | Ph15EO [1.60% |[NaOH|0.20%|1.20%| 96 20 |14.66| 0.75 (0.5 124 | 0.1 1 2.2 6 |0.343| 24 0 0.4 |1700| 0.95 | 4.5 [0.0075 1.5 | 12.5| -55
A80-5| A [80% | Ph15EO [1.60% |NaOH|0.20%|1.60%| 96 |24.4|14.7 | 0.77 |0.5| 5.48 | 0.055 | 0.97 |2.12| 2.7 |0.048| 1.08 | O 0.2 |1200( 095 | 1.8 |0.015| 1.6 | 33.3 |-68.5
B80-1| B |80% | IBA-15E0 |1.60% |NaOH|0.20%[0.40%| 60 |28.3 |17.8|0.81|0.5| 1.09 | 0.064 | 0.84 |1.145 9 |[6.78| 3.6 |0.02| 2 |1000|0.13| 4 |0.003| 0.9 | 0.5 |-33.3
B80-2| B [80% |IBA-15EO |1.60% |NaOH|0.20%(0.40%| 70 | 25.5| 19.1 |0.765|0.5| 4.04 | 0.33 | 0.7 |2.95| 6 163 15 0 10 |3200(0.84| 6 [0.009(265| 1 -36
B80-3| B |80% | IBA-15E0 |1.60% |NaOH|0.20%[0.40%| 85 | 26.7 | 21.5| 0.74 |0.5| 6.04 | 0.048 |0.767| 3.3 7 138 1.7 0 0.1 |4800(092 | 2.5 | 0.01 | 2.9 | 6.66 |-40.5
B80-4| B |80% | IBA-15EO |1.60% |NaOH|0.20%|0.40%| 96 | 34.5 |26.88| 0.75|0.5( 6.77 | 0.4 [0.787| 3.4 8 145 0.8 0 6 |[6000|0.98| 3.5 |0.025| 2.9 5 |-50.5
B75-5| B |75%| PH15EO |1.60% |NaOH|0.40%(0.80%| 96 | 52.7 |28.76| 0.81 |0.5| 0.34 [0.00834 1 |0.26| 1.5 | 3.3 | 0.6 0 8 900 {0.25]| 0.5 | 0.01| 1.8 |1.67 |-103
B80-5| B [80% | PH15EO |0.00%|NaOH|0.20%|0.00%| 90 |41.6| 30 |0.765|0.5| 77.4 | 44 |0.78 | 75| 23 | 0.7

B80-6| B |80% | PH15EO |0.00% |NaOH|0.40%|0.00%| 90 |(30.3| 15 | 0.8 |0.5/60.16| 3.9 | 0.97 |3.55| 33 |0.65|13.2| 25 | 0.2 |1600(0.95| 28 | 0.12 | 0.4 | 2.2 | -24
B80-7| B [80% | PH15EO |0.00%|NaOH|0.60%(0.00% 90 | 8.1 | 6.8 | 0.73 |0.5| 19 2.7 |0.888(5.28| 35 [0.189| 10 1 0.6 |2300(0.95| 10 | 0.15 1 9.1 [-15.5
B80-8| B |80% | PH15EO |0.00% |NaOH|0.80%[0.00%| 90 |6.44| 5 |0.745/0.5|/14.76| 3.71 |0.756| 9.2 | 30 [0.21| 10 1.5 | 1.25|2500| 093 | 10 [ 0.25| 1.4 |6.67 | -15
B80-9| B [80%| PH15EO |1.60%|NaOH|0.20%(0.00%| 96 |46.3 |33.5|0.73 (0.5| 45 2 0.8 4 10 |0.08| 2 0 40 |6500| 1 24 | 0.07| 2 |1.25] -27
B80-10| B |80%| PH15EO |1.60% |NaOH[0.20%|0.40%| 60 | 152 | 47 |0.85|0.5| 1.3 | 0.028 | 0.84 | 1.2 | 5.5 | 2.38 | 0.3 [0.005| 1.5 |6500|0.83|2.75(0.012| 2.5 | 0.77 | -89
B80-11| B |80%| PH15EO |1.60% [NaOH|0.20%|0.40%| 75 27 |20.1|0.77 |0.5| 59 | 0.067 |0.779|3.33| 85 |0.96| 1.2 0 |0.15|6000(0.95| 3.2 | 0.01 | 2.5 | 6.25| -38
B80-12| B [80%| PH15EO [1.60% |NaOH|[0.20%|0.40%| 96 | 30.5|23.2|0.74|0.5| 9.15 | 0.073 (0.817| 3.1 | 11 50 2 0 0.3 |6000|0.92 | 5.25[0.025| 2.25 | 3.33 | -43
B80-13| B |80%| PH15EO |1.60% |[NaOH|[0.20%|0.40%| 96 |39.25(26.75|0.78 |0.5| 6.03 | 0.087 | 0.81 |3.14| 8 | 0.83 1 0.05| 0.2 |5500(0.95|2.75|0.01 |225| 7.7 | -51
B80-14{ B |80%| PH15EO |1.60% [NaOH|0.20%|0.40%| 60 | 20.3 | 11.9 {0.805|0.5| 1.45 | 0.05 (0.773|1.75| 4.5 |1.41| 1.8 |0.045| 0.08 [1100|0.45| 5 |0.008| 2.2 | 1.25| -22
B80-15| B |80%| PH15EO |1.60% |[NaOH|[0.40%|0.40%| 96 |9.75| 7.7 |0.88 [0.5| 15.5| 1.09 | 0.83 |5.28| 14 | 0.9 4 0.2 | 2.5 [7000| 0.99 | 7.25 |0.022| 2.5 5 -20
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Table A5 continued.

B80-16| B |80%| PH15EO |1.60% |[NaOH|0.60%|0.40% 60 |58.9 |38.5| 0.8 (0.5| 3.89 |0.0288(0.777| 1.1 3 1.06| ? |0.02|0.04| 800 | 0.7 2 |0.005 6.67 | -127
B80-17| B [80%| PH15EO |1.60% |NaOH|0.60%|0.60%| 60 |52.2 |29.6|0.82|0.5|2.99 | 0.044 | 0.7 (1.16| 2.7 | 3.1 | 0.05 [ 0.02 |0.175| 200 | 0.3 3 10.008|0.25| 5 [112.5
B80-18| B |80%| PH15EO [1.60% |[NaOH|0.10%|0.80%| 96 | 59 | 46 | 0.85|0.5| 18.7 1 0.81 (5.75| 11.4 | 23.5

B80-19| B |80%| PH15EO |1.60% |[NaOH|0.20%|0.80%| 60 |113.8| 42 |0.850.5|5.38 | 0.15 | 0.9 [157| 15 | 42 | 0.5 |0.003| 15 (25000{0.99 | 3 |0.025| 2.5 |3.33
B80-20| B [80%| PH15EO |1.60% |NaOH|0.20%|0.80%| 75 | 42 |19.4|0.81 |0.5| 444 | 0.25 [0.7954{2.35| 8 1.1 | 15 |(0.07| 2 |7000{093| 3 |0.025| 2.2 |5.55
B80-21| B |80%| PH15EO [1.60% |[NaOH|0.20%|0.80%| 96 | 26.7 | 18.5|0.79 (0.5 3.16 (0.0195| 0.95 |1.35| 5.25 | 0.84 | 2.1 0 0.5 [2750| 0.8 |2.25| 0.01 4.34
B80-22| B (80%| PH15EO |1.60% |NaOH|0.20%(0.80%| 96 | 42 |32.6|0.75|0.5( 9.2 | 0.229 |0.723(5.59| 10 [091| 1 0 1.5 |8000|0.97|3.25| 0.01 | 1.85 | 7.69
B80-23| B |80%| PH15EO [1.60% |[NaOH|0.30%|0.80%| 96 | 29.2 (24.25|0.755(/0.5| 5.1 | 0.133 | 0.73 | 4.1 | 45 |0.235| 1.3 0 0.1 [1550| 0.9 | 3.5 |0.005| 1.85| 7.69
B80-24| B |80%| PH15EO |1.60% [NaOH|0.40%|0.80%| 60 |52.2 | 17.4|0.84 |0.5| 0.92 | 0.028 | 0.73 {0.92| 0.59 | 0.11 {0.236 0.45)0.013| 2.15| 12.5
B80-25| B [80%| PH15EO |1.60% |[NaOH|0.40%|0.80%| 96 | 26.5|21.7 |0.785|0.5| 4.85 | 0.103 | 0.6 [6.57| 3 31| 1.2 0 |0.45|1000| 0.9 |1.75(0.015( 2.15 | 16.7
B80-26| B [80% | PH15EO [1.60% |[NaOH|0.40%(0.80%| 96 | 8.8 | 6.6 | 0.94 |0.5| 6.44 | 0.055 [0.759| 3.3 5 (0.274| 2 0 |0.01|1200(| 0.8 2 10.003| 2.5 | 143
B80-27| B |80%| PH15EO [1.60% |NaOH|0.50%|0.80% 96 | 23 |17.3|0.82|0.5| 10.7 | 0.146 | 0.55 {15.1| 11 |12.62| 0.6 | 0.02 | 0.08 |3000|0.83| 1 (0.009( 2.1 | 50
B80-28| B [80%| PH15EO |1.60% |[NaOH|0.60%(0.80%| 60 | 71.1|32.8 |0.84|0.5( 1.26 |0.0005| 0.87 {0.49| 1.8 |0.66 | *? 0 |0.02|3000({0.84| 1.5 [0.015| 4 0.5
B80-29| B |80%| PH15EO [1.60% |NaOH|0.20%|1.20%| 60 |87.66(33.6 |0.84 |0.5| 2 0.035 | 0.81 |1.58| 5 |0.87| 0.5 0 5 |7000|0.94|0.85|0.01|185| 10
B80-30| B [80%| PH15EO |1.60% |[NaOH|0.20%|1.20%| 96 |29.66| 21.3 | 0.81|0.5 4.2 | 0.015 |0.725(3.36| 6.5 [0.96 | 1.5 0 |0.05|4500(0.87| 3.6 | 0.01 2.5
B80-31| B [80%| PH15EO [1.60% |NaOH|0.40%|1.20%| 96 | 10.3 |7.85|0.94|0.5| 7.6 | 0.052 | 0.5 [11.6| 4.75 |26.28| 0.4 0 |0.05|2000(0.85| 8 [0.0025 3.5 | 2.5
B80-32| B [80%| PH15EO |1.60% |[NaOH|0.20%|1.40%| 60 |23.55| 149 | 0.8 |0.5( 0.97 | 0.01 | 0.72 {1.55| 1.8 |0.276|/ 0.26 | O | 0.07 | 950 | 0.77 | 0.8 |0.004| 2.25 | 7.7
B80-33| B [80%| PH15EO [1.60% |NaOH|[0.20%|1.40%| 96 | 40.5 | 15.5|0.82|0.5|0.265 0 0.72 {1.28| 1.5 |0.172{ 032 | O 160 |1300| 0.85| 0.3 [0.004| 2.5 | 16.7
B80-34| B [80%| PH15EO [1.60% |[NaOH|0.20%|1.40%| 60 |21.06| 15.2 | 0.82 |0.5| 1.08 | 0.017 |0.736(1.92| 2.8 |0.796| 0.6 0 05 (550|043 (175|001 | 15 | 24
B80-35| B |80%| PH15EO |1.60% |NaOH|0.40%|1.40%| 96 | 17.7 | 14.9 |0.877|0.5| 21.4 | 0.4 0.7 [873| 18 |2.02|475| 0 |0.13 |6000|095| 14 [0.013| 2.3 | 2.5
B80-36| B [80% | PH15EO [1.60% |[NaOH|0.20%|1.60%| 96 |44.3|31.3|0.78 (0.5| 6.07 | 0.017 1 |277|105|006|042| 0 (005|150 09 | 1.1 |0.01| 03 | 25
B80-37| B |80%| PH15EO [1.43% |NaOH|0.28%|0.00%| 90 |12.1| 9.8 | 0.7 |0.5| 37.4 | 3.27 |0.825| 58 | 22 |256| 88 | 0.5 3 (2800|097 | 37 |011| 2 |0.77
B80-38| B [80% | PH15EO [1.43% |NaOH|0.28%|0.29%| 90 | 12.7 | 10.6 | 0.7 |0.5/10.13| 0.405 | 0.7 | 44| 8 6.9 2 [005| 2 |2500(092| 85 [0.045| 2.5 | 2.4
B80-39| B [80%| PH15EO [1.43% |NaOH|0.28%|0.58%| 90 | 36.3 |21.2|0.74 |0.5| 83 | 0.025 | 0.95 [1.79| 6 10 | 1.2 0 |0.01|2200({0.97| 45 |0.02 | 2.3 5
B80-40| B [80%| PH15EO [1.43%|NaOH|[0.28%|0.87%| 90 | 31 |(22.75|0.74|0.5| 6 | 0.157 (0.745(3.65| 4 |0.219| 1.6 0 0.6 [2500|0.97 | 6.25 |0.025| 2.5 4
B80-41| B [80%| PH15EO [1.43% |NaOH|0.28%|1.16%| 90 | 38.7 | 26.2 |{0.755|0.5| 7.57 | 0.05 [0.845[4.58| 5 04| 15 0 |0.025|2000(095| 7 |[0.055( 2.1 | 4.2
B85-42| B |85%| PH15EO [1.60% |NaOH|0.40%|0.80% 60 |52.5|20.5|0.87|0.5|14.16| 0.7 (067 (89| 10 | 64 | 1.8 [005| 5 |7000{098| 8 [0.03| 25 | 25
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Table A5 continued.

D80-1| D |80%| Ph15EOQ |1.60%|NaOH|0.20%| 0% | 96 | 16.6 | 14.4 |0.684|0.5| 18.5 | 2.41 |0.887(2.89| 27 |18.38/ 10.8 | O 15 [4500| 0.8 | 27 | 0.06 | 1.1 |0.28 |-11.5
D80-2| D |80%| Ph15EOQ |1.60% |NaOH|0.20%(0.40%| 96 | 15.8 |13.13|0.694|0.5( 5.4 | 0.62 |0.816(2.22| 9.5 | 5.1 | 3.8 | 0.1 4 |2500|0.65|6.25| 0.05| 2.1 | 0.83 [-24.5
D80-3| D |80%| Ph15EO |1.60%|NaOH|0.20%(0.80%| 96 | 18.7 [14.22| 0.73 |0.5| 2.66 | 0.09 | 0.84 (1.56| 5.25|1.82 | 2.1 [ 0.03 | 0.35|1700| 0.6 |2.35| 0.03 | 2.5 | 2.17 |-40.5
D80-4| D |80%| Ph15EO |1.60%|NaOH|0.20%| 1% | 96 |18.98(14.15|0.78 |0.5| 1.51 | 0.029 |0.835|1.37| 3 1.03| 1.2 0 0.5 (1000| 0.56 | 1.8 |0.025| 2.5 2 -47
D80-5| D |80%| Ph15EO |1.60%|NaOH|0.20%(1.20%| 96 |21.14|14.66| 0.79 |0.5( 0.67 | 0.015 | 0.86 1.13| 1.75 | 0.5 | 0.7 0 09 (750 | 0.6 |0.42|0.02| 2.7 |7.75| -55
D80-6| D |80%| Ph15EO |1.60%|NaOH|0.40%| 0% | 96 |11.33| 9.4 | 0.7 |0.5( 16.4 | 3.9 | 0.78 (4.44| 38 |4.075[152| O 13 [4500| 0.8 | 17 | 0.22 | 1.3 |0.63 | -15
D80-7| D |80%| Ph15EQ |1.60% |NaOH|[0.40%|0.4% | 96 |9.84 |7.13 |0.735(0.5( 3.57 | 0.49 | 0.8 |2.24 7.5 |131| 3 |[0.08|3.25|2000|0.67 | 43 |0.09 | 3.4 |1.25]| -18
D80-8| D |80%| Ph15EOQ |1.60%|NaOH|0.40%(0.60%| 96 | 9.1 | 6.3 |0.75|0.5| 2.4 | 0.21 | 0.78 2.075 5.2 1 |208|0.02| 1.2 |1350(0.62| 2.7 | 0.07 | 3.8 | 1.82| -19
D80-9| D |80% | Ph15EQ |1.60% [NaOH|[0.40%(0.80%| 96 |10.4| 7.7 |0.77 |0.5| 1.33 | 0.012 | 0.73 |1.76| 3 |0.44| 1.2 0 |0.05|1250(0.725| 0.6 |0.016| 3.8 | 10 | -27
D40-10| D |40%| Ph15EO |1.60%|NaOH[0.20%| 0% | 96 | 11.6 | 6.46|0.79 |0.5| 0.2 | 0.05 |0.5110.1480.115| 0.86 0.005| 85 -5

D50-11| D |50%| Ph15EO |1.60%|NaOH|0.20%| 0% | 96 | 13.2 |8.156|0.78 |0.5| 0.25 | 0.09 | 0.74 |0.154] 0.41 | 1.22 0.005| 100 -6.3
D60-12| D |60%| Ph15EO |1.60%|NaOH|0.20%| 0% | 96 |20.16(14.45| 0.8 |0.5| 0.76 | 0.187 | 0.86 |0.65| 1.9 | 1.49| 0.76 |0.013| 20 | 800 |0.43| 7.5 [ 0.02 | 2.5 | 0.12 |-11.6
D70-13| D |70%| Ph15EO |1.60%|NaOH|0.20%| 0% | 96 |22.2 (16.4|0.73 0.5 7.85| 1.2 | 0.71 |3.25| 13 9 5.2 0 13 [3500|0.75| 13 | 0.07 | 1.8 |0.38| -14
D80-14/ D |80%| Ph15EO |1.60%|NaOH|0.20%| 0% | 96 | 18.5 (15.56| 0.69 |{0.5/18.84| 3.95 | 0.93 | 2.3 | 33 15 | 13.2| 0.2 | 18 |3800| 0.8 | 26 | 0.07 | 0.8 [0.32|-12.5
D85-15| D |85%| Ph15EO |1.60%|NaOH|0.20%| 0% | 96 | 19.1|16.2|0.69 |0.5| 25.2 6 1 [217| 47 |16.7|188 | 0.5 | 12 |2800|0.725| 37 | 0.1 | 0.5 {0.25]| -13
D40-16( D |40%| Ph15EO |1.60%|NaOH|0.20%| 1% | 96 | 2.87 | 1.89 | 0.83 |0.5[0.0075 O 0.83 0.011)0.062| 169 | O -6.3
D50-17| D |50%| Ph15EO |1.60%|NaOH|0.20%| 1% | 96 | 6.07 | 4.78 | 0.76 |0.5|0.012 0 0.88 {0.02/0.0305/0.325(0.0122 -15.5
D60-18/ D |60%| Ph15EO |1.60%|NaOH|[0.20%| 1% | 96 |13.6| 9.2 | 0.81|0.5/0.113(0.0015| 1 |0.05(0.1136/0.089|0.002 0.05 [0.0345 12.5|-30.5
D70-19| D |70%| Ph15EO |1.60%|NaOH|[0.20%| 1% | 96 |21.3 |12.3|0.81|0.5/0.194(0.0054| 0.7 |0.45| 0.3 [0.22|0.12| O 1.5 | 150 | 0.42 | 0.15|0.015| 3.5 | 6.67 | -41
D80-20| D |80%| Ph15EO |1.60%|NaOH|[0.20%| 1% | 96 | 19.8 | 14.1|0.76 |0.5| 1.39 | 0.069 |0.835|1.42| 3 |0.62| 1.2 0 1.3 |1100| 0.66 | 1.3 |0.035| 2.7 |3.33| -47
D85-21| D |85%| Ph15EO |1.60%|NaOH|0.20%| 1% | 96 |20.47|14.58| 0.75|0.5| 5 0.55 |0.818|3.53| 6.5 | 0.9 | 2.6 0 6 |[1500|0.74| 45 | 0.08 | 2.1 | 1.11 |{-485
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Table A6:

B1-4 tube viscometer calibration with 48.5 cP light mineral oil.

Tube # q Section1 Section2  Section3 Section4  Whole
(ml/min) dP(psi) dP(psi) dP(psi) dP(psi) dP(psi)
B1 0.05 0.38 0.36 0.41 0.38 1.5
0.1 0.76 0.74 0.76 0.75 3.01
0.25 1.9 1.87 1.88 1.87 7.57
0.5 3.81 3.72 3.75 3.75 15.17
1.25 9.44 9.25 9.26 9.32 37.6
B2 0.1 0.11 0.09 0.08 0.08 0.36
0.25 0.21 0.17 0.19 0.16 0.73
0.5 0.39 0.34 0.36 0.35 1.46
0.75 0.61 0.64 0.58 0.59 2.44
1.25 1.02 1.05 1.01 1.02 4.13
5 4.13 4.12 4.08 4.1 16.52
10 8.23 8.28 8.24 8.26 33.28
B3 1.25 0.08 0.09 0.09 0.09 0.35
2.5 0.175 0.1775 0.1825 0.19 0.73
5 0.355 0.35 0.37 0.37 1.485
10 0.75 0.695 0.745 0.755 2.98
20 1.495 1.455 1.48 1.485 5.96
B4 20 0.25
40 0.48
60 0.75
80 1.01
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Table A7a:

1D=0.704 mm

Pipe viscometer measured data for ID=0.704 mm

Section
1

v (m/s)

0.000129
0.000214
0.000429
0.000857
0.001286
0.002144
0.004287
0.008574
0.012862
0.021436
0.042872

ID=0.707 mm

Section
2

v (m/s)

0.000127

0.000212
0.000424
0.000849
0.001273
0.002122
0.004244
0.008488
0.012731
0.021219
0.042438

ID=0.707 mm

Section
3

v (m/s)

0.000127
0.000212

0.000425
0.000849
0.001274

dP (Pa)

1723.689
1930.532
3102.641
4343.697
6136.334
9514.765
16202.68
30336.93
41368.54
62052.82
113763.5

dP (Pa)

1585.794

1930.532
3102.641
4412.645
5929.491
9514.765
14823.73
29647.46

38265.9
56881.75
99973.98

dP (Pa)

1654.742
1930.532

3102.641
4205.802
5653.701

8v/D (s%)

1.462481
2.437468
4.874937
9.749873
14.62481
24.37468
48.74937
97.49873
146.2481
243.7468
487.4937

8v/D (s?)

1.440348

2.400581
4.801161
9.602322
14.40348
24.00581
48.01161
96.02322
144.0348
240.0581
480.1161

8v/D (s%)

1.441516
2.402527

4.805053
9.610107
14.41516

Tw (Pa)

0.782688
0.876611
1.408839
1.972374

2.78637
4.320438
7.357268
13.77531
18.78451
28.17677
51.65742

Tw (Pa)

0.723743

0.881078
1.416018
2.013892
2.706168
4.342456

6.76542
13.53084
17.46422
25.96033
45.62725

Tw (Pa)
0.755006
0.88084

1.415636
1.918973
2.579603
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0.221854
0.684498
0.485427
0.852112
0.858644
0.767992
0.904843
0.764936
0.793745
0.874469

0.385083
0.684498
0.508147
0.728704
0.925769
0.639668

1
0.629358
0.776029
0.813587

0.301768

0.684498
0.438884
0.729644

I']avgI

0.221854
0.453176
0.584963
0.668769
0.855378
0.813318
0.836418
0.834889

0.77934
0.834107
0.874469

navgI

0.385083

0.534791
0.596323
0.618426
0.827237
0.782719
0.819834
0.814679
0.702694
0.794808
0.813587

navgI

0.301768
0.493133

0.561691
0.584264
0.874325

Yw (s)

2.744883

3.17276
5.739642
10.95711
15.24298
25.77337
51.13291
102.3192
156.6001
255.8664
504.9887

Yw (s)

2.015351

2.922641
5.613691
11.0835
15.1555
25.6718
50.64935
101.484
159.27
255.5518
507.6178

Yw (s)

2.275364
3.019886

5.742444
11.31963
14.93317

uw (cP)

285.1444
276.2928
245.4576
180.0086
182.7969
167.6319
143.8852
134.6308
119.9521

110.123
102.2942

uw (cP)

359.115

301.4663
252.2437
181.7018
178.5601
169.1528
133.5737
133.3298
109.6517
101.5854
89.88505

uw (cP)

331.8176
291.6798

246.5214
169.526
172.7432



Table A7a continued.

0.002123

9514.765

24.02527

4.341283

1.019006

0.812364

25.41258

170.832

0.004246
0.008492
0.012738
0.021231
0.042461

ID=0.706 mm

Section

4

v (m/s)

0.000128
0.000213
0.000426

0.000852
0.001278
0.00213
0.00426
0.00852
0.01278
0.021299
0.042598

ID=0.704 mm

Total

v (m/s)

0.000128
0.000214
0.000428
0.000856

0.001283
0.002139
0.004278
0.008556
0.012834

0.02139
0.042781

14478.99
27579.03
35852.74
51365.94
89631.84

dP (Pa)

1654.742
2068.427
3102.641

4550.54
6618.967
10342.14
19305.32
34473.79

42747.5
65500.19
110316.1

dP (Pa)

6618.967
7860.023
12410.56
17512.68

24338.49
38886.43
64810.72
122037.2
158234.7
235800.7
413685.4

48.05053
96.10107
144.1516
240.2527
480.5053

8v/D (s?)

1.448516
2.414193
4.828385

9.65677
14.48516
24.14193
48.28385

96.5677
144.8516
241.4193
482.8385

8v/D (s?)

1.457831
2.429718
4.859436
9.718872

14.57831
24.29718
48.59436
97.18872
145.7831
2429718
485.9436

6.6063
12.58343
16.35846
23.43663
40.89614

Tw (Pa)

0.753788
0.942234
1.413352

2.072916

3.01515
4.711172
8.794189
15.70391
19.47285
29.83743
50.25251

Tw (Pa)

0.752179
0.893212
1.410335
1.990139

2.765824

4.41905
7.365083
13.86829
17.98177
26.79636
47.01117

340

0.605721
0.929611

0.64707
0.703871
0.803199

0.436829
0.584963

0.552541
0.924108
0.873658
0.900464
0.836501

0.53053
0.835398
0.752072

0.336417
0.658963
0.496832

0.811744
0.917311
0.736966
0.913017

0.64063
0.780908
0.810966

0.767666

0.78834
0.675471
0.753535
0.803199

1
Navg

0.436829
0.510896
0.568752

0.738324
0.898883
0.887061
0.868483
0.683516
0.682964
0.793735
0.752072

navgI

0.336417

0.49769
0.577897
0.654288

0.864528
0.827139
0.824991
0.776824
0.710769
0.795937
0.810966

51.68616
102.5516
161.466
259.898
509.9388

Yw(s)

1.915381
2.991997
5.743649

10.5124
14.89252
2491035

50.1118

107.746
161.6618
257.1034
522.6315

Yw(s)

2.176725
3.042786
5.746783
11.00269

15.14942
25.56663
51.17149
104.1691
160.6138
258.5451
514.2616

127.8156
122.7034
101.3121
90.17628
80.19813

uw (cP)

393.5445
314.9183
246.0721

197.1876
202.4607
189.1251
175.4914
145.7493
120.4542
116.0522
96.15284

uw (cP)

345.5552
293.5507

245413
180.8776

182.5696
172.8444
143.9294
133.1325
111.9566
103.6429
91.41489



Table A7b:

ID=1.419 mm

Pipe viscometer measured data for ID=1.417 mm

Section
1

v (m/s)

0.000105
0.000316
0.000527
0.001054
0.002108
0.003162

0.00527
0.010539
0.021079
0.031618
0.052696
0.073775

ID=1.417 mm

Section
2

v (m/s)

0.000106
0.000317
0.000529
0.001057
0.002114
0.003171
0.005286
0.010571
0.021142
0.031714
0.052856
0.073999

ID=1.419 mm

Section
3

v (m/s)

0.000105
0.000316
0.000527
0.001055

dP (Pa)

758.4233
1310.004
1930.532
4136.854
6274.229
8756.342
12962.14
20408.48
30819.57
42954.34
65500.19
85494.99

dP (Pa)

620.5282
1241.056
1930.532
3585.274

7377.39
8963.184
12686.35
19581.11
27579.03
37714.32
58605.44
77910.76

dP (Pa)

620.5282
1103.161
1447.899
3378.431

8v/D (s%)

0.59419
1.78257
2.970949
5.941898
11.8838
17.8257
29.70949
59.41898
118.838
178.257
297.0949
415.9329

8v/D (s?)

0.596895
1.790686
2.984476
5.968952

11.9379
17.90686
29.84476
59.68952

119.379
179.0686
298.4476
417.8266

8v/D (s1)

0.594731
1.784194
2.973656
5.947312

Tw (Pa)

0.385177
0.665305
0.980449
2.100963
3.18646
4.447038
6.583017
10.36475
15.65217
21.815
33.26525
43.4199

Tw (Pa)

0.314668
0.629335
0.978966
1.818079
3.741048
4.545198
6.433204
9.929511
13.98523

19.1248
29.71861
39.50826

Tw (Pa)

0.315049
0.560087
0.735114
1.715266

341

>

0.497486
0.759096
1.099536
0.600904
0.822087
0.767884
0.654865
0.594678
0.818783
0.825948
0.791758

0.63093
0.864939
0.893085
1.041027
0.480203
0.680078
0.626185
0.494109
0.771914
0.862892
0.846241

0.523719
0.532342
1.222392

I']avgI

0.497486
0.628291
0.929316

0.85022
0.711496
0.794986
0.711374
0.624771

0.70673
0.822366
0.808853
0.791758

navgI

0.63093
0.747934
0.879012
0.967056
0.760615
0.580141
0.653132
0.560147
0.633012
0.817403
0.854567
0.846241

1
Navg

0.523719

0.52803
0.877367
1.088769

Yw (s)

0.744239
2.046221
3.027442
6.203589
13.08849
18.97494
32.723
68.34054
131.1664
187.883
314.6472
443.2817

Yw (s)

0.684186
1.941558
3.087173
6.019787
12.87719
21.14674
33.80729
71.40725
136.6815
189.0689
311.1453
436.8061

Yw(s™)

0.729946
2.182886
3.077566
5.826089

uw (cP)

517.5442
325.1384

323.854
338.6689
243.4552
234.3638

201.174
151.6633
119.3306
116.1095
105.7224
97.95103

uw (cP)

459.9156
324.1392
317.1075
302.0172
290.5173
214.9361
190.2905
139.0547
102.3198
101.1525
95.51358
90.44806

uw (cP)

431.6053
256.5809
238.8621
294.4112



Table A7b continued.

0.002109

6550.019

11.89462

3.325515

0.955146

0.86436

12.36127

269.027

0.003164
0.005273
0.010546
0.021091
0.031637
0.052728

0.07382

ID=1.420 mm

Section

4

v (m/s)

0.000106
0.000317
0.000528
0.001056
0.002112
0.003168
0.005279
0.010558
0.021117
0.031675

0.052792
0.073909

1D=1.420 mm

Total

v (m/s)

0.000106
0.000318

0.00053

0.00106
0.002119
0.003179
0.005298
0.010597
0.021193

0.03179
0.052984
0.074177

8963.184
12686.35
19581.11
26544.82
36680.11
58605.44

79289.71

dP (Pa)

689.4757
1447.899
2137.375
3585.274
7584.233
12824.25
18202.16
30061.14
43092.23
59088.07

86184.47
117210.9

dP (Pa)

2688.955

5102.12
7446.338
14685.83
27785.87
39506.96
56537.01
89631.84
128035.6
176436.8
268895.5
359906.3

17.84194
29.73656
59.47312
118.9462
178.4194
297.3656

416.3119

8v/D (s?)

0.595814
1.787441
2.979068
5.958136
11.91627
17.87441
29.79068
59.58136
119.1627
178.7441

297.9068
417.0695

8v/D (s1)

0.599057

1.79717
2.995283
5.990566
11.98113

17.9717
29.95283
59.90566
119.8113

179.717
299.5283
419.3396

4.550704
6.440997
9.941539
13.47709
18.62288
29.75461

40.25623

Tw (Pa)

0.349842
0.734668
1.084511
1.819179
3.848263
6.507063
9.235831
15.25312
21.86513
29.98147

43.73026
59.47316

Tw (Pa)

0.340479
0.646038
0.942866
1.859541
3.518287
5.002428
7.158798
11.34931
16.21206
22.34069
34.04794
45.57186

342

0.773575
0.680078
0.626185
0.438968
0.797603
0.917325

0.898383

0.67534
0.762422
0.746243

1.08092
1.295466
0.685562

0.72379
0.519528
0.778578

0.738923
0.913849

0.583011
0.740108
0.979822
0.919926
0.868013
0.701646
0.664816
0.514462
0.790831
0.824861
0.866404

0.726826
0.653132
0.532576
0.618285
0.857464
0.907854

0.898383

navgI

0.67534
0.718881
0.754333
0.913582
1.188193
0.990514
0.704676
0.621659
0.649053
0.758751

0.826386
0.913849

navgI

0.583011

0.66156
0.859965
0.949874

0.89397

0.78483
0.683231
0.589639
0.652646
0.807846
0.845632
0.866404

19.51839
33.68472
72.5225
137.3049
185.834
304.9112

428.0843

Yw (s)

0.667421
1.962185

3.22162
6.099035
11.44443

17.9172
32.91194
68.64664
135.2707
192.9523

313.5535
426.8991

Yw(s™)

0.706173
2.027018
3.117219
6.069598
12.33639
19.20349
33.42462
70.32854
135.7529
190.4038
313.1978
435.5047

233.1496
191.2142
137.0821
98.15444
100.2124

97.5845

94.0381

pw (cP)

524.1704
374.4133
336.6352
298.2732
336.2565
363.1741
280.6225
222.1976
161.6398
155.3828

139.4667
139.3143

pw (cP)

482.1475
318.7134
302.4702
306.3698
285.1959
260.4958
2141774
161.3757
119.4233
117.3332
108.7107
104.6415



Table A7c:

ID=3.14 mm

Pipe viscometer measured data for ID=3.14 mm

Section
1

v (m/s)

0.000108
0.000215
0.000645
0.001075

0.00215
0.004301
0.006451
0.010752
0.021503
0.043007

0.06451

ID=3.16 mm

Section
2

v (m/s)

0.000106

0.000212
0.000636
0.001061
0.002121
0.004243
0.006364
0.010607
0.021214
0.042427
0.063641

ID=3.15 mm

Section
3

v (m/s)

0.000107
0.000214

0.000642
0.00107
0.00214

dP (Pa)

965.266
1310.004

1999.48
2344.217
3792.117
5998.439
7860.023
10893.72
17581.63
33646.42
46539.61

dP (Pa)

896.3184

1034.214
1723.689

1999.48
3309.483
5446.858
7446.338
10548.98
17443.74
31991.67
44815.92

dP (Pa)

827.3709
1103.161

1723.689
1930.532
3102.641

8v/D (s%)

0.273804
0.547608
1.642824

2.73804
5.476081
10.95216
16.42824

27.3804
54.76081
109.5216
164.2824

8v/D (s?)

0.268291

0.536582
1.609746

2.68291
5.365821
10.73164
16.09746

26.8291
53.65821
107.3164
160.9746

8v/D (s1)

0.271741
0.543482

1.630446
2.71741
5.434821

Tw (Pa)

0.497426
0.675078
1.030382
1.208034
1.954173
3.091147
4.050468
5.613807
9.060258
17.33885
23.98303

Tw (Pa)

0.465038

0.536582
0.894303
1.037392
1.717063
2.825999
3.863391
5.473137
9.050351
16.59827
23.25189

Tw (Pa)
0.427441
0.569922

0.890503
0.997363
1.602905

343

>

0.440573
0.384901
0.311387
0.693897
0.661584
0.666618
0.638959
0.690573
0.936384
0.800062

0.206451
0.464974
0.290549
0.726982
0.718818
0.771172

0.68185
0.725606
0.874987
0.831361

0.415037

0.406228
0.221854
0.684498

I']avgI

0.440573
0.412737
0.348144
0.502642

0.67774
0.664101
0.652788
0.664766
0.813478
0.868223
0.800062

navgI

0.206451

0.335712
0.377761
0.508765

0.7229
0.744995
0.726511
0.703728
0.800297
0.853174
0.831361

navgI

0.415037
0.410633

0.314041
0.453176
0.720286

Yw (s)

0.360721
0.742399
2.411819
3.415354
6.127038
12.33705
18.61275
30.83231
57.89982
113.6773
174.5461

Yw (s)

0.526103

0.802021
2.272629
3.330526
5.880024
11.64998

17.6124
29.65289
57.00563
111.9335
169.1379

Yw(s™)

0.36749
0.738492

2.520791
3.53715
5.962456

uw (cP)

1378.976
909.3193

427.222
353.7069
318.9426

250.558

217.618
182.0754
156.4816
152.5268
137.4023

uw (cP)

883.929

669.0371
393.5105
311.4799
292.0163
242.5755
219.3563
184.5735
158.7624
148.2869
137.4729

uw (cP)

1163.136
771.7368

353.2632
281.968
268.833



Table A7c continued.

0.004279

5240.016

10.86964

2.707128

0.756074

0.740879

11.82005

229.0285

0.006419
0.010698
0.021395

0.04279
0.064186

ID=3.15 mm

Section

4

v (m/s)

0.000107
0.000214
0.000643

0.001072
0.002143
0.004286
0.006429
0.010716
0.021431
0.042863
0.064294

ID=3.14 mm

Total

v (m/s)

0.000107
0.000215
0.000644
0.001073

0.002147
0.004293

0.00644
0.010734
0.021467
0.042935
0.064402

7032.652
10204.24
16340.57
30681.67

42747.5

dP (Pa)

689.4757
1103.161
1585.794

1792.637
3033.693
4964.225
6894.757
10066.35
17719.53
32474.31
44815.92

dP (Pa)

3378.431

4550.54
7032.652
8066.866

13237.93
21649.54
29233.77
41713.28
69085.47
128794.1

178919

16.30446

27.1741
54.34821
108.6964
163.0446

8v/D (s?)

0.272429
0.544859
1.634576

2.724293
5.448585
10.89717
16.34576
27.24293
54.48585
108.9717
163.4576

8v/D (s?)

0.273117
0.546234
1.638702
2.731169

5.462339
10.92468
16.38702
27.31169
54.62339
109.2468
163.8702

3.633251
5.271776
8.441966
15.85095
22.08447

Tw (Pa)

0.355901
0.569441
0.818572

0.925342
1.565964
2.562486
3.559009
5.196153
9.146652
16.76293
23.13356

Tw (Pa)

0.435612
0.586743
0.906785
1.040136

1.706889
2.791475

3.76938
5.378479
8.907828
16.60661
23.06967

344

0.725684
0.728702

0.67929
0.908918
0.817938

0.678072
0.330331

0.240008
0.758992
0.710493
0.810191
0.740833

0.8158
0.873959
0.794432

0.429684
0.396244
0.268587

0.714598
0.709658
0.740731
0.695922
0.727875
0.898612
0.810719

0.727193
0.703996
0.794104
0.863428
0.817938

1
Navg

0.678072
0.504201
0.285169

0.4995
0.734743
0.760342
0.775512
0.778316
0.844879
0.834195
0.794432

navgI

0.429684
0.396244
0.268587
0.491592

0.712128
0.725194
0.718327
0.711899
0.813244
0.854665
0.810719

17.83362
30.03053
57.87107
112.9947
172.1175

Yw(s)

0.304765
0.678803
2.658918

3.406729
5.940349
11.75586
17.52866
29.18279
56.98677
114.3865
174.0317

Yw(s)

0.363743
0.754308
2.754325
3.437317

6.014365
11.95963
17.99345
30.07491
57.75937
113.8911

173.435

203.7304
175.5472
145.8754
140.2805
128.3104

uw (cP)

1167.79
838.8904
307.8591

271.6219
263.6148
217.9752
203.0394
178.0554
160.5048
146.5464
132.9273

uw (cP)

1197.582
777.8562
329.2222

302.601

283.8021
233.4082
209.4862
178.8361
154.2231
145.8113
133.0163



Table A7d:

ID=7.036 mm

Pipe viscometer measured data for ID=7.04 mm

Section
1

v (m/s)

0.000214
0.000429
0.000857
0.001286
0.002143
0.004287
0.008574

0.01286
0.021434
0.042868

dP (Pa)

758.4233
896.3184
1585.794
2068.427
3240.536
5860.544

9652.66
13789.51
21718.49
41368.54

8v/D (s%)

0.243713
0.487426
0.974851
1.462277
2.437128
4.874257
9.748513
14.62277
24.37128
48.74257

Tw (Pa)

0.218837
0.258625
0.457568
0.596827

0.93503
1.691011
2.785195

3.97885
6.266688
11.93655

345

>

0.241008
0.823122
0.655305
0.878872
0.854802
0.719892
0.879669
0.889257
0.929611

I']avgI

0.241008
0.532065
0.655305
0.767088
0.866837
0.787347

0.79978
0.884463
0.909434
0.929611

Yw (s)

0.43559
0.594595
1.103046
1.573275
2.530726
5.203376
10.35863
15.10031
24.97804
49.66525

uw (cP)

502.3912
434.9606
414.8219
379.3535
369.4709
324.9834
268.8767
263.4945
250.8879

240.34
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