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Canadian oil sands represent a huge oil resource. Stable water-in-oil (W/O) emulsions, which persist in
Athabasca oil sands from surface mining, are problematic, because of clay solids. This article focuses on the
characterization of water-in-diluted-bitumen emulsions by nuclear magnetic resonance (NMR) measurement
and the transient behavior of emulsions undergoing phase separation. An NMR restricted diffusion experiment
(pulsed gradient spinecho (PGSE)) can be used to measure the emulsion drop-size distribution. Experimental
data from PGSE measurements show that the emulsion drop size does not change much with time, which
suggests that the water-in-diluted-bitumen emulsion is very stable without an added coalescer. The sedimentation
rate of emulsion and water droplet sedimentation velocity can be obtained from NMR one-dimensional (1-D)
T, weighted profile measurement. Emulsion flocculation can be deduced by comparing the sedimentation velocity
from experimental data with a modified Stokes’ Law predictions RRpolyoxyethylene (EO)/polyoxypropylene
(PO) alkylphenol formaldehyde resin) is an optimal coalescer at room temperature. For the sample without
fine clay solids, complete separation can be obtained; for the sample with solids, a rag layer that contains
solids and has intermediate density forms between the clean-oil and free-water layers. Once formed, this rag
layer prevents further coalescence and water separation.

1. Introduction Table 1. Bulk Fluid Properties at 30 °C
Canadian oil sands represent a huge amount of oil resources. . density viscosity  Tzpeax  diffusivity
. . . bulk fluid (g/mL) (cP) (s) (x 109 m?/s)
However, oil sands are unconsolidated deposits of very heavy o 0oL 120 -6 6
H H : H rne . . . .

hydrocarb_or_1 bitumen and require multiple stages of processing diluted bitumen 0.815 512 0.413 10
before refining. . . o diluted bitumen after  0.814  2.05 0556 13

Stable water-in-oil (W/O) emulsions, which persist in Atha- centrifuge

basca oil sands from surface mining, are problematic, because

of clay solids. The stability of the emulsion is very important bitumen contains~1% solids and<2% water, which can be

to the final separation process. The objectives of this study aremeasured by centrifugation. Most of the solids and water can be
to show (i) that the time evolution of the stability properties of removed by centrifuge process, with a centrifugal acceleration of
emulsions can be measured in the laboratory using low-field 35009 and a centrifuge time of 30 min. The aqueous phase used
nuclear magnetic resonance (NMR) techniques and (ii) that the n€re is 1% (w/w) NaCl brine.

separation of water, oil, and solids can be realized using an _The bulk fluid properties are listed in Table 1. Here, the
appropriate demulsifier in the separation procedure. viscosities were measured with a Brookfield model DVHII

rheometer. Tha@, peak value and diffusivity were measured using
a MARAN Il spectrometer (2.2 MHz, Resonance, Inc.).

2.2. Emulsion Preparation. Emulsion samples (60 mL in
volume) were prepared by mixing brine (50 vol %) and diluted
bitumen (50 vol %) in a flat-bottom glass tube (outer diameter of
48 mm, inner diameter of 44 mm, and length of 230 mm) with a
six-blade turbine (Figure 1). The stirring speed of the turbine was
3600 rpm, and the mixing time was 10 min. Prior to emulsification,

2. Materials and Methods

2.1. Materials. Samples of bitumen froth were received from
Syncrude Canada, Ltd. The bitumen froth then was diluted with
naphtha, at a bitumen/naphtha ratio of 0.42 (w/w). The diluted

T Presented at the 7th International Conference on Petroleum Phase

Behavior and Fouling. the aqueous and oil phases were left in contact in the over:(30
* Author to whom correspondence should be addressed. Tel.713 0.1°C) for 24 h. The prepared emulsion can be used for nuclear
348 5416. E-mail address: gjh@rice.edu. magnetic resonance (NMR) measurements.
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6 mm Table 2. Different Emulsion Samples for the Measurement
” (===1Iv case with solids without solids
without coalescer sample 1 sample 3
_ with coalescer sample 2 sample 4
200mm d|D Air/water
interface . o i i
N different phases can be distinguished. For W/O emulsions, eq 2
N5 can be written as
w=(1/5)DiEmm —[: E]
Cladd ¢ -G =235 mm 3 4, t,
D=30mm 48 mm A(Z) =A|1- @oil(z) eXF(—) - @water(z) EX[{ ) -
. . . . Tl,oil T1,wate
Figure 1. Sketch of the mixer and emulsion preparation. —t,
(pdrop(z) ex T ] (3
R N 1,dro|
1, . .
d 3 ,‘ where the subscripts “oil”, “water”, and “drop” correspond to
/2 n Echo Repeat ... continuous oil, bulk water, and water droplets, respectively.
g code g read l_f\_\ ) 2.4. Selection of CoalesceEmulsions may degrade via several
3 l AV Vn Time different mechanisms (for instance, sedimentation/creaming, floc-
T

culation, and coalescence). In this study, sedimentation and

Figure 2. Sequence of one-dimensional (1-D) profile measurement, coalescence were assumed as the primary demulsification mecha-

repeated at timéx. nisms. ] ] ]
Bottle testd were applied to determine the optimal coalescer for
2.3. Characterization of Emulsions by NMR.NMR spectros- the emulsion sample. Fresh emulsion samples (25 mL in vol-

copy is based on the fact that some nuclei possess a nucleatme) were added to several bottles (outer diameter of 25 mm).

magnetic moment. NMR is a versatile method for two readons: 1hen, 200 ppm of PR(polyoxyethylene (EO)/polyoxypropylene
(1) It is a nondestructive technique. The system can be studied (PO) alkylphenol formaldehyde resins with different EO/PO

without any perturbation that will affect the outcomes of the contents; Nalco Energy Servicésjoalescer solution (5@L of

measurement. The system can be characterized repeatedly with nd0% PR xylene solution for the 25-mL emulsion sample) was
time-consuming sample preparation between the runs. added to the emulsion samples. Afterward, all the samples were

(2) A large number of spectroscopic parameters can be deter-Shaken by hand at the same time for 1 min and placed in the oven

mined by NMR, relating to both static and dynamic aspects of a at 30°C. . . .
wide variety of systems. The emulsion sample containing PRad the best separation at

In this study, CarPurcel-Meiboom-Gill (CPMG) measure- room temperature. Thus, in the current studys s chosen as
ment is used to obtain tHE distribution, and restricted diffusion  the optimal coalescer.
measurement (PGSE) is used to obtain the drop-size distribution
of the emulsiort. To get volume fraction profiles for different 3. Results and Discussion

hases, magnetic resonance imagin MRI) one-dimensional . . . .
E)l-D) profile ?neasurement is used. ging (MR The effects of solids and coalescer were investigated using

In MRI 1-D profile measurement, the sequence consists ofa 90 different samples. The four emulsion samples are described in
radio-frequency (rf) pulse, followed by a 186 pulse at timer. A Table 2. The differences between samples 1 and 2 and between
spin—echo is collected at tim&. The 180 rf pulse is between samples 3 and 4 show the effects of the coalescer, whereas the
two magnetic-field gradient pulses with strengthas shown in differences between samples 1 and 3 and between samples 2
Figure 2. The magnetic gradient is along the vertical direction  and 4 show the effects of clay solids.

A Fourier transform of the spinecho yields the signal amplitude 3.1.T, Distribution from CPMG Measurement. T distri-
for each position. The equation of signal amplitude is bution evolutions of emulsion samples-4 from CPMG
—t —t mea_surt_ament are showr_l in Figures®& In the figures,T,
A= Aoll - exp(_)] exp(—) (1) dlstrlbytlons of layered oil over water and photographs of the
T T, emulsions after 12 h are also shown for reference.

) ) ) ) In samples 2 and 4, 200 ppm of P&balescer solution (120
When the oil/water concentration varies as a functiorz,ofhe uL of 10% PR, xylene solution for the 60-mL emulsion sample)
contrast in the hydrogen index is not large enough to give any ¢ aqded immediately after emulsion preparation. Afterward,
information. To generate a contrast based on the relaxation time _ | the samples were shaken by hand for 1 min
difference between oil and water, one solution is to perfor a Unlike the layered mixture, th&, distribution of sample 1
weighted spin d(_ansny profile. In this cade < Ty, (_axp(—tE/Tz) ~ ith solid yp Fi ' 3 2h | K pH
1, and the amplitudé(2) at a given positiorz is given by (with solids, no PR, see Figure 3) has only one peak. Hence,
the water content and drop-size distribution of the emulsion
—t, cannot be obtained from CMPG measurenient.
A =A,1—- z @i(2) exg— 2) The T, distribution of sample 2 (with solids and BRsee
Ty Figure 4) exhibits a larger peak for oil and the W/O emulsion
) ) o ) and a smaller peak for the separated bulk water. This is
Here, i is the volume fraction for componentA., is the amplitude consistent with the observation that free water forms at the
whent, is sufficiently long. The parametgy represents the waiting — po10m of the sample because of the emulsion coalescence (see
time (ty = tr — te ~ tg); it is chosen to be intermediate between photograph inset in Figure 4)
the relaxation times of the oil and the emulsified water, so that L | . .
' The T, distributions of sample 3 (no solids, no PRee Fig-
ure 5) and sample 4 (no solids, with PRee Figure 6) exhibit

(1) Pera, A. A.; Hirasaki, G. J. Enhanced characterization of oilfield
emulsions via NMR diffusion and transverse relaxation experiméas.
Colloid Interface Sci2003 105, 103-150. (3) Péra, A. A.; Hirasaki, G. J.; Miller, C. A. Chemically Induced

(2) Liang, Z.-P.; Lauterbur, P. (Principles of Magnetic Resonarce Destabilization of Water-in-Crude Oil Emulsiontd. Eng. Chem. Res.
Akay, M., Ed.; IEEE: New York, 2005; Ch. 7. 2005 44, 1139-1149.
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Figure 4. T, distribution of emulsion with solids and the addition of fRample 2).

two separate peaks, which is different from the two samples suggests that the water contains some dissolved material,
with solids. This difference may be due to the effect of the possibly colloidal iron hydroxide, which enhances water relax-

solids. ation. Thus, thd> distribution of the water peak is shorter than
In sample 3 (no solids, no RRrepresented by Figure 5), that of bulk water.

both the oil and water peaks occur at smallervalues than 3.2. Drop-Size Distribution from Restricted Diffusion

those of the bulk fluids. This shows the effect of surface Measurement. Determination of the drop-size distribution

relaxivity at the W/O interface on th& distribution. consists of performing a least-squares fit of the experimental

In sample 4 (no solids, with RRrepresented by Figure 6), signal attenuationRemy) with different pulse field gradients,
the T, distribution of the oil peak is very similar to that of bulk  using the termslyy, o, Dcp, and« as fitting parametersThe
oil, and the water peak is similar to that of bulk water, which fitting results for sample 1 can be observed in Figure 7. Here,
suggests compete separation of the oil and the water. This isx is the contribution ratio of each component to the total
consistent with the visual observations. Thedistribution of attenuation. A log-normal distribution with mean drop diameter
the water peak is shorter than that of bulk water. From the dg, and deviation parameteris assumed for the emulsion drop
picture of the emulsion, the water layer is yellowish, which size.
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Figure 5. T, distribution of emulsion without solids and no P@ample 3).

For the cases without a coalescer, the emulsion sample

contains only oil and emulsified water. The NMR signal
attenuation can be expressed as follows:

R= KoiIRoiI + KemuIRemuI (43)
Koil + Kemul = 1 (4b)
z (F)oir €XP[=27/(T ;) 01
Koil = (5a)
z f exp[=27/(T,,)]
z (f)emu €XPL— 27/(T2,i)emuﬂ
Kemul = (Sb)

Z f; exp[—=27/(T,;)]

Here, the subscripts “oil” and “emul” correspond to continuous
oil and emulsified water, respectively. The tefnrepresents
the fraction of protons with relaxatiofp;, and 2 is the echo
spacing in the measurementis the contribution ratio of each
component to the total attenuation.

z (fi)watereXp[_ZT/ (T2,i)wateJ

K

(7c)

water

z f; exp[—=27/(T,;)]

where subscripts “oil”, “emul”, and “water” correspond to the
continuous oil phase, dispersed water phase, and separated free-
water phase, respectively.

If the NMR diffusion measurement is performed for the
emulsion over time, the evolution of the drop-size distribution
can be obtained from the fitting calculation of diffusion results.

The time-dependent drop-size distributions of different emul-
sion samples obtained from diffusion results are shown in Tables
3—6.

In sample 4 (Table 6), after 3.2 h, the diffusion attenuation
is <0.01, which implies complete separation of the oil and the
water. Thus, in this case, a drop-size distribution of the emulsion
cannot be obtained. Here, only the first three results are listed.

From Tables 3 and 5 (for samples 1 and 3), the mean drop
diameter, deviation parameter «oj, andkemu do not change
much with time, which suggests that the emulsion is stable; the
kwatervalues are very low, which shows that coalescence is very

For the cases with added coalescer, emulsion will coalescenceslow in the absence of a coalescer PR contrast, in Tables
and form free water. Thus, in the calculation, eq 4 can be 4 and 6 (for samples 2 and 4)yawerincreases over time, which

extended as

R= KoiIRoiI + KemuIRemuI + KwatelRwater (Ga)
Koil + Kemul + Kwater — 1 (Gb)
z (F)oir ©XP[=2/(T5;)o]
Koil = (7a)
Z f; exp[—27/(T,;)]
z (fi)emul exp[— 27:/(T2,i)emuﬂ
Kemul = (7b)

z f, exp[=27/(T,;)]

demonstrates that the coalescer {P&tcelerates the emulsion
coalescence. The parametgk, in Table 6 (for sample 4) is
much smaller than that in Table 4 (for sample 2), which indicates
a lower emulsion content. Sample 2 has much more solids than
sample 4; thus, the effect of solids is to make the emulsion
more stable.

3.3. Phase-Fraction Profile from One-Dimensional (1-D)
T1 Weighted Profile Measurement.NMR 1-D T; weighted
profile measurement is based on fhedifference of different
components. Figure 8 shows the profile measurement results
of the four emulsion samples in Table 2. The waiting timgyis
= 0.6 s. The imaging pulse field gradient is 0.8 G/cm. In Figure
8, thex-axis is the spir-echo signal amplitude of the sample
(A), and they-axis position is the position measured from the
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Figure 6. T, distribution of emulsion without solids and the addition ofsRBample 4).
0 Table 4. Calculation Results of Emulsion with Solids and Added
10 T T T : : . PR. (Sample 2
—— simulated curve s (Sample 2)
+ experiment data | 1 age (h) mean diametenrf) o Koil Kwater — Kemul
0.8 17 0.50 0.49 0.05 0.51
. 1.6 13 0.50 0.50 0.10 0.40
3.2 14 0.52 0.44 0.13 0.43
4.8 12 0.53 0.45 0.16 0.39
5.6 11 0.70 0.41 0.23 0.33
8.0 11 0.72 0.38 0.29 0.33
o . ) | 11.2 11 0.62 0.40 0.30 0.30
The mean drop diameter is: 14 um
o ) Table 5. Calculation Results of Emulsion without Solids and No
The standard deviation cis:  0.39 PRs (Sample 3)
K is 036 age (h) mean diametenrf) g Koil Kwater Kemul
0.8 11 0.33 0.31 0 0.69
The diffusivity of continuous phase is: 571070 ms 16 11 0.33 0.31 0 0.69
3.2 11 0.34 0.32 0 0.68
10'1 I 1 1 L 1 L 4.8 11 0.35 0.34 0 0.66
0 1 2 3 4 5 6 5.6 11 0.35 0.33 0 0.67
g253(‘5_5,r3) %107 8.0 12 0.36 0.33 0 0.67
11.2 12 0.36 0.32 0 0.68

Figure 7. Fitting results of diffusion measurement for the emulsions

(sample 1). Table 6. Calculation Results of Emulsion without Solids and Added

PRs (Sample 4)
Table 3. Calculation Results of Emulsion with Solids and No PR

(Sample 1) age (h) mean diametexif) o Koil Kwater Kemul
- . 2 7 .54 . A
age (h) mean diameter (m) o Koil Kwater Kemul 22 22 862 820 823 81(25
0.8 15 0.40 0.37 0.02 0.61 3.2 27 0.57 0.20 0.70 0.10
1.6 14 039  0.36 0.02 0.62
3.2 12 041  0.39 0.04 0.57 A comparison of samples 1 and 3 with samples 2 and 4 shows
‘5‘-2 g 8-?& 8-38 8-83 8-2; that coalescence is much more significant with addeg RRich
80 12 0.40 0.40 005 055 shows that PRcan accelerate emulsion coalescence. A com-
11.2 11 042 041 0.05 054 parison of samples 2 and 4 shows that the solids in sample 2
prohibit complete separation and form a middle rag layer, which
middle of the sample. The latter ranges frer2 cm to 2 cm, is the focus of further studies.
so the total length is 4 cm, which is equal to the height of the  If profile measurements are performed over time, the evolu-
sample. tion of the emulsion (such as sedimentation and coalescence)

TheT; value of water is greater than that of diluted bitumen, can be obtained from the results. The water fraction profile can
so the amplitude of water is smaller than that for diluted be obtained from the profile results if some simple assumptions
bitumen, based on eq 2. Thus, in the profile results, the signal are valid:
amplitude of water is smaller than that of oil. Based onThe (1) T, for the oil, water droplet, and bulk water can be
difference, the signal amplitudes of different phases in the considered as distinct single values, rather than a distribution.
emulsion become distinguishable. Thus, eq 3 can be used for water fraction calculation.
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Profile results of 12 h emulsions

2% 1

# 1: Without PR5

# 3: No solids, without PRS

Position (em)

# 2: With PR5

# 4: No solids, with PRS

Figure 8. Profile measurement results of emulsion samples.

3 . — - The fresh homogeneous emulsion amplitullgn() and eq 10

lemulsified water are used to calculaf€ emy for emulsified water:

— __Jf_';__;__;_._'_:' T Acmu = Au|1 = Py eXF(T_—tW) o

1,emu,

19 _
o 11— Py €X T,

|

|
|

[
|
| !
D 1wl | oll 15 1
| |

L
|

|
|

|
l

= calculateT, ¢, (10)

- emulsion | i In Figure 9, the red dash-dotted line is the calculated
i amplitude value of emulsified water from calibration. This is
4 ] the lower bound of the amplitude for the system. Similarly, the
pure oil amplitude is the upper bound of the amplitude for the
Bt e system. Values below or above these bounds can be considered
as fully saturated water or clean oil, respectively.
The parameteré\., Tiw, T1,0, and T1,emu are known from
. I . calibration.T; values, emulsion data fé%my, and eq 3 can be
05 1 1.5 2 used to calculate the water fraction. Equation 3 can be simplified
A x 10° as follows:
Figure 9. Calibration for calculation of water fraction (sample 1).

—t, -t
(2) The changes ifi; during the experimental time can be Aemi(d = Aoo[l ~ %0il(2) EXF{?) - (Pdrop(z) eXF{T p)
ignored. Thus, the experimental data for fresh homogeneous Lol L.dro
emulsion can be used to calibrate for later times. (11a)
(3) In the samples without RRemulsion coalescence is @@ + QoD =1 (11b)
insignificant. These samples contain only W/O emulsion. In the
samples with PR emulsified water coexists with either clean —t,
oil or free water, but not both. On the top is clean oil and Aqnu(2 = Aoo[l ~ Puateld exp(.l_ ) -
emulsified water; at the bottom is a water-in-oil-in-water Lwate ;
(W/O/W) emulsion and free water. T w
The calculation process is shown in Figure 9 for sample 1. %’OP(Z) ex p)] (122)
First, the water amplitude?), a T1,w value of 2.6 s, and eq 8
are used to calculat.: Puatedd T Parop(d =1 (12b)

Position {cm)
(=]
£
]
o)

-3

Tl,dro

—t, In eqs 11 and 12A¢muy A, tw, andT; values are known. The
A= Aw’—eXF(T—)] = calculateA, (8) component fractiong can be calculated from the equation.
Lw As indicated previously, the samples withoutsRR&ntain only
oil and emulsified water drops. Equation 11 can be used to
calculate water fraction.
In the samples with PRemulsified water coexists with clean
—t oil at the top. Equation 11 can be used to calculate the emulsified
A = Awll — ex;{ "")] = calculateT, (9) water fraction. At the bottom is a W/O/W emulsion and free
Tio water, and eq 12 can be used to calculate the free-water fraction.

The oil amplitude A,) and eq 9 are used to calculakg, for
oil:
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Profile of emulsions Oh  $=0.50 for calibration
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Figure 10. Profile results and water fractions of sample 1 (with solids, ng) PR

The profile results and calculated water fraction profiles of y-axis position is the position measured from the middle of the
samples +4 are shown in Figures 3. The red dashed lines sample.
in the figures represent the boundaries of the sample. The total The waiting time ig,, = 0.6 s. The total water content (0.50)
height is slightly less than 4 cm. Theaxis represents the is used for calibration in the first figure. For other water-fraction
emulsified or free-water saturation of the sam@Bs @nd the profile figures at later times, the total water contehj pbtained
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Profile of emulsions Oh  $=0.50 for calibration
3 T T T T 2 s . A L
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Figure 11. Profile results and water fractions of sample 2 (with solids and addell PR

by integration over the vertical position is listed, to demonstrate bulk-phase properties, are the same for all four samples. At the
consistency. For all four samples, the calculated and actual watetinitial time, the emulsion is homogeneous, and the water frac-
contents were almost equal at all times. tion is ~0.5. As the time increases, the dispersed water frac-

In the calculation of sample 1 (with solids, no £2Bee Figure tion increases at the bottom and decreases on the top. This re-
10), theT; values for bulk water, oil, and emulsified water are sult is consistent with the visual observation of emulsion
2.60, 0.63, and 1.41 s, respectively. The first two of these, being sedimentation.
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Profile of emulsions Oh  $=0.50 for calibration
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Figure 12. Profile results and water fractions of sample 3 (without solids o) PR

From water-fraction profiles, it is easy to see that the sample corresponds to a concentrated W/O emulsion layer. The step
has three layers. On the top, the water fraction is zero, which change of the water fraction corresponds to the front between
corresponds to a clean oil layer. In the middle, the water frac- two layers.
tion is ~0.5, which corresponds to a W/O emulsion layer. At In the calculation of sample 2 (with solids and{>&ee Figure
the bottom, water fraction is between 0.5 and 1.0, which 11), theT; values for the bulk water, oil, and emulsified water
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Figure 13. Profile results and water fractions of sample 4 (without solids, with addejl PR

are 2.60, 0.63, and 1.46 s, respectively. Besides the sedimentaamplitude is similar to that of bulk water. These results

tion, coalescence occurs at the same time. correspond to the results in Figure 8, which shows that the top
The sample with PRcan achieve more-complete separation is pure oil, the middle is an emulsion layer, and the bottom is

than that without PR Hence, on the top, the signal amplitude mostly separated free water. The emulsified watevalues of

is similar to that of pure oil, and at the bottom, the signal samples 1 and 2 are very similar, which shows consistency of
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Figure 14. Front position and sedimentation rate of emulsion Fijgure 15. Front position and sedimentation rate of emulsion
sample 1. sample 3.

the mixing process with given oil and water phases and indicatessedimentation velocity of water droplets in the emulsion above
that the small amount of demulsifier in sample 2 does not the front is given by
significantly affect emulsified wateF; values.

In the calculation of sample 3 (no solids, nofPBee Figure
12), theT; values for the bulk water, oil, and emulsified water
are 2.60, 0.63, and 1.11 s, respectively. The results of sample
3 are similar to those of sample 1. On the top, the water fraction
is zero, which corresponds to a clean oil layer. In the middle,
the water fraction is-0.5, which corresponds to a W/O emulsion
layer. At the bottom, the water fraction is-1.0, which
corresponds to a concentrated W/O emulsion layer.

In the calculation of sample 4 (no solids, with £Bee Figure
13), theT; values for the bulk water, oil, emulsified water, and
separated free water are 2.60, 0.63, 1.11, and 2.32 s, respec-
tively. Here, theT; value for emulsified water cannot be obtained
from the calibration of sample 4, because, at the initial time,
sample 4 is not homogeneous, because of rapid coalescence.
Thus, here, thd, value for emulsified water is assumed to be In these equationd is the front position piower and vypper are
that obtained from the calibration of sample 3. Thevalue the sedimentation velocity of water droplets in the emulsion,
for separated free water (2.10 s) is also shorter than that ofwhose volume fractiorpe is assumed to be 0.50. The average
pure bulk water and is obtained from a separate NMR measure-water fraction in the concentrated emulsion layer (0.75) can be
ment. used as thepmax Value, and the average water fraction in the

For sample 4, from water-fraction profiles, the separation of clean oil layergmin is close to zero.
oil and water is complete. On the top, the water fraction is close  The predicted sedimentation velocity of the emulsion can be
to zero, which corresponds to a clean oil layer. At the bottom, calculated with the following equation, which is an empirical
the water fraction is 1.0, which corresponds to free water. modification of Stokes’ Law

3.4. Sedimentation Rate from 1-DT; Weighted Profile
Measurement. In the profile results of samples 1 and 3, the
step change in signal amplitude is a response to the sedimenta-
tion front (boundary between different layers). Hence, the
velocity of the front can be obtained from profile measurement
results. As a result of sedimentation of the water droplets, the
clean oil layer resides at the top of the sample, the emulsion
layer resides in the middle, and the concentrated emulsion layer
resides at the bottom.

Figure 14 shows the position of the sedimentation front
between the concentrated emulsion layer and the emulsion laye
of sample 1 (with solids and no BRas a function of time. At
time zero, the sedimentation front starts from the bottom of the
sample 2 cm in Figure 10), and it moves upward with time.
The front velocity (divdt) can be calculated by fitting the
experimental data.

_ Pmax™ Pedh
Vower— — a

(lower front) (13)
Pe

In sample 3 (no solids, no BRsee Figure 12), a sharp front
moving upward from the bottom is less evident. However, a
front moving downward from the top of sample 3 (although
less clearly in sample 1) can be seen with almost water-free oil
above and emulsion below (Figure 15). A similar mass balance
yields

_ Prmin T @e¢]= _@
Uypper— e ot ot (upper front) (14)

v= %(1 X2 (15)

Here,pe is again 0.50 and is 8.6.Ap (refer to Table 1) is the
density difference between the water and the gjl,the
gravitational acceleration,the mean diameter of water droplets,
andc the viscosity of the oil phase.

The experimental sedimentation velocity of water droplets
for sample 1 with eq 13 is 0.075 cm/h, whereas the predicted
Value from eq 15 is 0.0105 cm/h. The larger experimental value
implies that the water drops sediment with a larger effective
drop size. Therefore, the emulsion may be flocculated.

The same calculation procedure with eq 14 can be applied
to the upper front of sample 3, using the data of Figure 15.
Here, ge is 0.50. The experimental sedimentation velocity of

If we assume th_at the water fractlo_n In ea.Ch layer gloes_ NOt \\ater droplets is 0.044 cm/h, whereas the predicted value is
change during sedimentation, the sedimentation velocity within 0.0103 cm/h. Their ratio is<4:1. which indicates that some
the emulsion can be obtained by applying a mass balance across’ ' "

the sedimentation front. If there is negligible sedimentation in
the concentrated emulsion with volume fractigmay, the

(4) Richardson, J. F.; Zaki, W. N. Sedimentation and Fluidisation: Part
I. Trans. Inst. Chem. End.954 32, 35-53.
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flocculation likely also occurs in this case. However, further T, distributions of the dispersed water phase and the continuous
investigation of flocculation in these emulsions is desirable. oil phase are not distinguishable, with the result that the drop-
size distribution of the emulsion cannot be obtained from CPMG
4. Conclusions measurement. In this case, NMR restricted diffusion experiment
(pulsed gradient spirnecho (PGSE)) can be used to measure
the emulsion drop-size distribution. Experimental data for the
C§amples without PRfrom PGSE measurements show that the
emulsion drop size and the attenuation faatdor each com-

Stable water in diluted bitumen emulsions persist in the
absence of a coalescer at room temperature. The coalescen
rate of the emulsion is very slow and is difficult to observe,

even if most of the clay solids are removed by centrifuge before ponent do not change much with time, which is consistent with

the emulsgon_t%repalratlon. TheSselqollm_en:ﬁtlon ralte_ is much ];aSter’the observation that these emulsions are very stable without the
compared with coalescence. Solids In th€ emuision Sample Can 5 ascer, After adding RR« for emulsified water decreases
promote flocculation and increase the rate of sedimentation.

. ) N . and « for free water increases, which implies coalescence of
PRs is an optimal coalescer for the brine in diluted bitumen P

. . . the emulsion.
emulsions at room temperature. For emulsion samples with or . . . )
without solids, PR can accelerate the coalescence rate. For the NMR one_-d_lmer_lsmnal (1-DJ W?'ghted_ pTOf"e measure-
sample without solids, complete separation can be obtained:; forMent can distinguish the composition variation of the sample
the sample with solids, a rag layer, which contains solids and in the vertical direction. The sedimentation rate of the front
has intermediate density, forms between the clean-oil and free-POSition and water droplet sedimentation velocity can be

water layers. This rag layer prevents further coalescence andoPtained from profile results. Emulsion flocculation can be
complete separation of the emulsified water. deduced by comparing the sedimentation velocity from experi-

A novel approach to process experimental data from classic menta}l data and modified _Stokes’_Law predictions_. Free-water-
nuclear magnetic resonance (NMR) experiments for the char- and_dlspersed-wat_er-fracnon profiles can _be obtained from the
acterization of water-in-oil (W/O) emulsions has been proposed Profile results, using pure water and oil as the reference.
and tested in emulsions of water in diluted bitumen. €arr  Coalescence can be detected from the time evolution of the free-
Purcel-Meiboom-Gill (CPMG) NMR analysis methods can ~ Water fraction profile.
be used to measure thE distribution of W/O emulsions.

However, in the emulsion sample with solids and ng,RRe EF0604487



