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ABSTRACT

The pipeline transportation.of heavy,oi]s as ‘oil-in-water emulsions has
been proposed as an alternative to b1ending the crude with natura] gas
condensate or other. diluent. A 1abo§atory scale closed loop, with a 2
~¢cm (3/4 inch) diameter test sect1on, was constructed to 1nvest1gate the
behaviour of an emu1sified Cold Lake -crude 0il under pipeline flow.
Pressune drop was measured as a funetion of flow rate for freshly
produced emu1s1ons to estab11sh generalized: corre]atwon% of friction
factor versus Reyno}ds number. Stability was observed over long term
pipe{ine flow. The Eime at whieh the emulsion breakdown occurred was
found to be a function of 011 concentrat1on and flow rate.  This was ,
c1ear1y 1nd1cated by a simultaneous change in the system var1ab1es of

pressure drop, temperature and pOWer requ1red to turn the pump at

constant speed.
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T CHAPTER 1 : INTRODUCTION

1.1 Heavy 0il Occurrence and Transportation

As regerves of conventional crude oils continue to decrease, Canada is
becoming increasingly dependent on heavy 0il and tar sands as a source
of'hydrocarbon liquids. In general, heavy crude 0ils and bitumen have
an API gravity of 10° to 20° at 15°C and have viscosities ranging from

300 to several thousand centistokes at 37.8°C (100°F) [17"..

The major deposits of Heav} 0il in Western Canada are shown in

Figure 1 [2]. These constitute a significant portion of the total oil
reserves in this region. Table 1 [3] gives an estimate of the heavy
crude oil and bitumen reserves for the top 10 countries in the world and
an estimate for the world totals. Canada clearly has a 15rge portion of
the total estimated reserves. Thus transportation of heavy crude to

processing plants is an important subject for Canadian producers.

The usual economic range of crude o0il viscosity for pipeline
transportation is 10-1000 cs (1075-10-3 m2/s) at pipeline temperature.
Figure 2 shows the variation of o011 viscosity with ﬁ:mperature‘for a
number of crude oils, both heavy and light [4]. With ground
temperatures in Alberta in the range from -5° to 15°C (23° to 68°F),

heavy crude 0ils are not transportable in conventional pipelines.

yd

I

* Numbers in square brackets refer to references.
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Table 1: Estimated remaining total reserves of heavy and extra heavy crude

\

Country

enezuela
Canada
U.S.S.R.
Nigeria
Mexico
US.A
Iran
Madagascar
iraq
Saudi Arabia

World Totals

oil and bitumen, Summary ot top 10 countries and world totals
(million barrels, from [3])

Heavy Extra-Heavy
"Reserves Undiscovered Reserves
10.512 165,500 57.067
240 3.679
1.958 20,510
985 31,000 1.022
524 16.000 18
7,926 2,214 14
5,380 1.300
600
1,768 3.900
996 2.900
42.329 248.882 58,848

Bitumen

Reserves Undiscovered

2
48,777
112,369
4,000
2.722

5.460

173.643

85,000

880

85,880

]
Total

233,082

137.696
134,737
37,007
16.543
13,757
6.680
6.060
5,668
3,896

609,629

Note: 1 barrel = 0.159 m?

N
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Kinematic viscosity, centistokes
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\Figure 2: Crude oil and bitumen viscosity data (from [4]).

220

" kinematic viscosity, m2/s



Current methods for transport1ng heavy crude 0ils and hitumen tnc]ude
1) trucking the oil *
' 2)'d11ut1ng the heavj crudetwith.a light crude or natural gas
condensate .
'3) heating the oil
and 4)_gpgrading the heavy crude or bitumedg@@'site to form.a partially

1 __q"
t 7

refined or synthetic crude,

Truck1ng is useful i\dfov1ng small amounts of : mater1a1 @JTHus trucks are
pr1mar11y wsed to bring material from remote pilot plants or 1ease tanks

28}

to central locations [5]. . 4

The reduct1on in viscosity that is obta1ned by blend1ng condensate with
heavy crude 0115 is shown in F1gure 3 [4]. ‘s techn1que is currently
pract1ced to move Lloydminster crude through the Interprov1nc1a1
Pipeline system. Alberta Energy Company operates a dual pipeline system
to transport blended heavy 0il from Cold fake to Edmonton, Alberta and
to return the recoveredvdilnent for reuse [6]. Recent foreca%ts for
increases in tota1 bitumen.and heavy oil prodqgﬁion; 1ndicate’that there
is a pending diluent shortag® as early as 1990 if blending renains the

D

major solution to_trensportation [21.

Hot oil pipe]ines have been in - operation world wide since the late
1950's to transport both neevy crude o0il and heavy fuel oil [47. One of
the most significant is the the Alyeska pipeline which tnanSports 70°C
(160°F) crude oil 1300 km (800 miles) in a 122 cm (48 inch) pipeline

from Prudhoe Bay to Anchorage, Alaska.
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Syncrude .Canada Limited and Suncor Limited both opefate large scg]e 011l
sands plants where synthetic crude 0il is produced by upgrading of mined
Athabasca bitumen, This upgraded crude oil is then easily transported

in conventional pipelines.

1.2 Emulsion Pipelining

Another method t- aprcome the high viscosity barrier is .to emulsify the
crude 0il in wati. .o produce a low viscosity emulsion which can be

transpo?ted in a conventional pipeline.

The viscosity of an emulsion moré«e1o$e1yiref1ects ohe viscosity of the
continuous phase. Consequently, the viscosity of a heaVy crude
oil-in-water emulsion is much less thanfth%ﬁvfscosiﬁy of the heavy crude
itself. For example, a 50% emulsion of a Cold Lake crude hqs a
viscosity of only 20 mPa.s at 15°C, as opposed to the orude oil
viscooity of over 400,000 mPa.s at 15°C. Figure 4 shows the variation
of the emulsion viscosity with oil concentration for’emu1sions made with
this crude at 11°C. | |
\if

The emulsion pipelining concept consistsbof three steps.
1) The heavy crude oil or bitumen is emulsified in water in the presence

of a surface active agent.o
2) The emolsion js transported jn a conventionaL,gipe]ine_syspemb3
3) The emu1sion:is brokeo ot the receiving tefm?ngl and thé oil ié

recovered for further processing.
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‘

Two examples of operating emulsion pipelines are mentioned in the
literature. Emulsions of.a waxy crude oil 1n‘waterlhave been
successfully used in a pipeline system in Indone§ia since 1962 [7]. :
Marsden dnd Ranghaven reportéd that Getty 0{1.Ltd. has opérated a

13 mile heavy oil emuision pipeline in the Kern Area of California for
about thirty years [8], transporting a 13;5°API crude as a 50% 01l
ému]sion. Furthérzinvestigation_revea]gd that emu]éioné are not formed

before the oil and water are introduced into the pipeline, nor are they

considered desirable [9]. Thus this is not an emulsion pipeline in the

-

context presented here, Neither pipeline directly addresses the |

o=

problems that would be encountered in the Canadian context, those of

long distance transportatidnvof heavy crude emulsions in a cold c]imate3

1.3 Emulsion -Pipelining Literature Review

\

There are a large number of patents avaifable that describe the
advantages of operating with oil-in-water emulsions réther than crude
'oi1 or waterfin-dil emu]siqns. Most. patents describe the great
reduction in viscosity possible when-viscdus crude oils are emulsified
in water. .The types of surfactant;ére detai]ed, as well as the
concentration of the surfactant and the oil/water ratios to he used.

- Pipelining of the resulting emulsion is then recomﬁended as a method,pf
transporting viscous crudes. Very few patents de§tibé’actua1 pipeline

tests.



Appendix A lists the patents dealing with emulsion pipelining. A
summary of each patent is bfesented._‘

v ]
The patent with the most direct bearing on the present Qork is
U.S. 3487844 [107], assigned to Simon, McAuliffe, Poynter and Jennings of
the Chevron Research Company, Jah. 6, 1970. Here, crude oil is
emulsified in the presence of an emulsifying agen&uwith water containing
a base such as sodium hydroxide (NaOH). No emu1s%fying agent is
required if the crude is asphaltic and contains saponifiable
constituents capable of forming effective emulsifying agents with the
base solutiopu} If the crude oil is non-asphaltic, the recommended
procédures aﬁegfé 1) add an emulsifying agent, such as a commercial
emu]sifier, 2) mix in some dsphaltic crude or 3) add an extract obtained
from a low gravity aspha1tfc crude.,

| ~

The recommended oi1 tq water ratios range from 50/50 to 70/30 on a
volume basis., The fecommenaéd sodium hydroxide concentrétion %s between
0.05 to 1.4% by weight based on tota} water, Table 2 illustrates the
ranges of sodium hydroxide that were Qsed to produce 70% by Qo]ume

oil-in-water emulsions [10].

Several large scale tests were conducted by the authors of the above
patent to demonstrate the feasibility of the process. Six ﬁatches of
Casmalia crude oil-in-water emulsion were made and.circu1ated through
600 m (1970 feet, equivalent corrected length) of a 7.6 cm (three inch)
pipe. Figure 5 shows the yariation of pressure drop with flow rate and

the effects of 0il concentration, water quality and age of the



Table 2. Effective ranges'of sodium hydroxide
required in the aqueous phase to form 70% by
volume oil-in-water emulsions (from [10]).

Crude Qil

NaOH Concentration,
weight percent in Water

Midway - Sunset A
Midway - Sunset B
Midway - Sunset C
West Coalinga A
West Coalinga B
Boscan

Casmalia

Cat Canyon

04-14
0.05-0.5
0.1-1.0
0.05-0.3,
0.1-05
0.05-0.3
0.1-06 ,

0.1-10




Pressure drop in 3inch pipe Casmalia emuisions
3 T T TT T T T T T T T

A 4 1
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0 b 1 psil10Q0 ft = 22 6 Pa/m -
1gal/min = 3.785 x 18 mimin '

1 -

Pressure drop-psi/1000 ft
T

w
o

20 -~ 10 50 100
Gal./min.

65/35 Oil water Ratio (100% fresh water) 1 day old 3

50/40 Oil water Ratio (100% fresh water) 1 day old

.50/50 Oil water Ratio (100% fresh water) 1 day old

50i50 Oil water Ratio (75% fresh water/250, waste water) 1 Jay oid
50/50 O1l water Ratio (75% fresh water/25%0 waste water) 2 days old
65/35 Qil water Ratio {100% fresh water) 5 days old

50/50 Oil water Ratio (100% fresh water) 5 days otd

60/40 Oil water Ratio (100% fresh water) 8 days old

TSN

o

oHme > (]
I

1l

Figure 5: The vanation of pressure drop with flow rate for Casmala crude oil-in-water emulsions (from

{10h.



gmu]sions.

/
A second series of tests was conducted in a 4 km (2.5 mile) long 10 cm
(four inch) pipeline, During these tests the emulsion was allowed to
stand for several days to simulate pipeline down conditions. No startup

difficulties were encountered.

This patent clearly demonstrates the feasiﬁi]ity of emulsion pipelining
by making, transporting and breaking Casma]ia crude oil emulsions.

However, generalized correlations, in the form of friction factor versus
Reynolds number are not presented and long term stability tests were not

attempted.

The viscosity of o0il-in-water emulsions is less sensitive to temperature
than the viscosity of the crude oil itself. In U.S. Patent 3670752,
June 20, 1972 [11], Marsden and Rose proposed transporting Prudhoe Bay
crude o0il-in-brine emulsions at low temperétureé to avoid environmental
damage. By cooling the emulsions to -10° to -1°C (15° to 30°F)
pipelines in the arctic could be buried without thawing the permafrost.
In addition, gas produced with the crude di] could be redissolved tp tHe

¥

cold emulsion and transported in the same bipe11ne.

Marsden and Rose prepared emulsions with Prudhoe %gy crude, 20% by
weight NaCl solutions and from 0 to 2% Triton X-114ngulsifier [121.
The pressure drop of these emulsions was measured across a 3.4 m (134
inch) long, 0.6 cm (1/4 inch) inner diameter coiled glass tubular flow

resistor at a given temperature and flow rate. The viscosity of the



emulsions was measured both on-line and for samples taken from the
~system, AVl of the flow experiments were conducted in the laminar flow
regime. The results were correlated as the variation of flow resistance
with the inverse bf temperature at different emulsion concentrations,
This is shown in Figure 6. The results were not generalized further and

the question of stability was not considered.

Zakin, Pinaire and Borgmeyer considered the effects of oil viscosity,
temperature and oil concentration on the turbulent flow characteristics
of oil-in-water emulsions [137. As well, the effects of these variables

on the specific energy loss were evaluated.

Stable emulsions were made from various refined‘hineral'oi1s, tap water
and 0.5% Triton X-114 emulsifier using a Morchause colloid mill, The

range of 0il concentrations investigated was ~om 50 to 75% by weight.

0il viscosity was varied from 1.53 to 61.5x1076 m2/s at 35°C. This was
found to have little effect on the pumping energy requirements for
emulsions in thisv}ange of concenthﬁQifn. Temperature was varied from
30° to 45°C and resulted in S»decreésé of less than 5% in pressure drop.
This decrease was attributed to the decrease in the viscosity of the
continuous water Sﬁqée. 0i1 concentration was found to have little
effect on the variation of pressure gradient with velocify but had a
marked effect on the energy loss per mass of oil tgansported in the

fully turbulent region. These Tast two finding§/are illustrated in

Figure 7 and Figure 8.
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Figure 6: The vanation of How resistance factor with reciprocal temperature for various oll-in-water

emulsions (from [12])
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The‘yariation 8? pressitre drop with flow rate was compared with that
oredicted by the Dodge-Metzner equation‘for purely viscous non-Newtonian
f1u1ds. For'the emulsions studied theﬂneasured pressure droos:were
cons1stent1y 8 to 26% 1ower than those predicted by the Nodge- Metzner
correTation. This was attributed to the §1sco-e1ast1c character of the ?a

concentrated emulsions. N ; - R

The range of. genera11zed Reyno]ds number 1nvest1gated was from 300
to- 10000. No investigation regard1ng the stability of these emu1s1ons

i

was conducted.

]

In U S. Patent 4343323 August 10, 1982 (141, Kess1ck and St. Den1s
'descr1bed a dua] p1pel1ne system for heavy cnude 0il-in- water emuls1ons
Emu151ons ‘were made with crude*o1ls from the Fo1d Lake and L1oydm1nster
‘areas of 51berta using a sod1um hydrox1de solution that had been
deaerated and had a pH of at 1east 11‘ Measurements showed that the
emu1s1ons had v1sc051tle;/T§y enough to perm1t pump1ng and p1pe11ne , -
‘transportatﬁon even at.4°C By break1ng the emuls1onsvw1th slaked Time
both the 011 and the sod1um hydrox1de solution were recovered‘ he

sod1um hydoxide so!utlon could then be recyc]ed to the front of the

p1pe11ne system. No f]ow tests were conducted w1th emu1s1ons.

In U.S,_Patentfﬁ276094»[15],'Gethick and Rosenberg described an
'emuisifier, "balpha emu1san ", produced by‘the’bacteria1 action of
AéinetobactarhCa1oaoetttus. This Bioemulsifier was found to be -a Qood
emu1sion;sgabj1izer. However, a surfactant_was still requtred to form

the initial emulsion.



g

P

b1oemuﬁsff;er [16] Th1s was c1rcu1ated in the system shown in Figure 9
;:'the_conditions 115ted in Table 3. After 4 days of continuous
pumbing;’ihe flow wa$ stopbed for three days‘ The pressure drops and
flow rates measured after MESyart1ng the system were similar to those
observed before the shut dow:h No data were~presented The total
distance trave]]ed during the test was 600 km (380 miles).

Briaﬁt Fruhman, Quemada and Makria stud1ed the stab111ty and rheo]ogy
of emulsions made with Boscan crude oil, from Venezuela [17]. The
aqueoué solutions contained 0.25 to 1% Tall Oi]kand 0.0625 to 0.25%

_ NaOH. EmuTSionsvweEe %ade by heating tﬁevaqueOUS phase to 80°C and
“adding the crude ofl-Which was at 120°C, while agitating with an

Ultraturex emulsifier, S | -

Thefmost stable emuléion; were made with distilled water, é Ta11'Oi1/

* NaOH ratio of 4, with_)l%'Tall,Oil. ‘The emu1sions were found to be

ehear thinnihg. For a given shear rate, the apparent viscoeity |

>incneased rapidly with oil concentration. ‘Suhfactant concentration,

salinity aﬁd age’of the emulsions 5150 affected the apparentvviséositye
\ _

Further work by Fruhman and Briant [18] in?luded tw0‘Canandiah heavy

crude'ei1s. Sihi]ér'results were'obtainec ~ the rheological

behqyiour; Droplet size ahdvthe‘Chemical ﬁature'of the d1sperse and

continﬁeué”phases.were found to influence the‘viscosity at high shear
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" Table 3: Summary of emulsified crude pilot test data
for Petroferm U.S.A. test loop (from [16})

Oil/Water Ratio
SurfacTant/Qil Ratio
Total running time

Shutdown time prior to restart
Average flow rate during run
Average flow velocity ~

Pipe inner diameter
Distance pumped

Number of pump transits

Apparent viscosity of emulsion
Viscosity of Boscan crude oil at 60°F
Comparable flow rate in 20" line
Comparable flow rate in 30" line

70/30

1/500

96 h

64 h

0.61 m3¥min
2.0m/s

0.079 m
approximately 610 km
Approximately 530
70 mPas

190,000 mPas
34,000 m3/day
76.000 m3/day

r

//‘\’_

21



rate.

Recent work by Rhodes and Pal [197 with oil-in-water emulsions showed
that at dispersed phase conéenfrations of less than 55%, these emulsions
behaved like Newtonian fluids in both the laminar -and turbulent flow

regimes.

1.4 Emulsion Stability

~

The maiﬁr concern in emulsion pipelining is the stability of the
emuls?éhs'during transportation in a pipeline. Emulsions must be stable
~over a wide range of temperatures and shear rates so that they W111 not
'sebarate extensively or invert in.the pipeline.' Emulsions must however
Qg easily broken at the receiving terminal to recover the oil. This

section will discuss the hasic concepts of emulsion stability and in

particular the stability of emulsions under shear,

Emulsions are thermpdynamica]ly unstable systems because of. their large
surface free energy pérVUnit volume. The stability of emulsions over
extended periods of t;%e is the result of three mechanisms : charge
~stabilization, stearic séabilization and stabilization by adsorbed
speciés{ Forces that act on the dispefse phase of an emulsion may

enhance stability or they may aid in separating the emulsion into its

.two component- phases.

External force fields, such as gfavity‘and appaied electrostatic forces,

act on the dispersed phase particles of an emulsion over an essentially



infinite»distance. On an interparticle 1éve1, elﬂctfical double layer
forces, diépersion and hydrodynamic forces act on the droplets. As
well, diffusional forces are present due to bulk concehtration
gradients. Details ;oncerning the molecular structure of the droplets
and interfaces afe required when considering coalescence and phase

inversion. ‘ ,

The instability of an emulsion is determined by observing chahges in the
structure of the emulsion. Any overall changes in the structure of an
emulsion are described by Tadros and Vincent [20] as combinations- of
five basic changes. ﬁThése basic changes are
1) Estab]i;;ment of a bulk droplet concentration grédient with no
change in droplet size. This proéess is referred tb aé creaming'
or sedimentation. |
2) The buildup of aggregates of droplets in the emulsion Qith no
change in the basic droplet size. This process is called
rocculation.
3)4}he.f0rmation of larger droplets by the coalescence of droplets
that have come together by sedimefitation or flocculation. This
resu1t§ in gﬁkhange in the droplet size distribution and is
referred to.as co%}eécence.

4) The change in droplet size due to mutual miscibjlity of the
disperse'and cohtinuous'phases. For a polydisperse system the
process known as. Dstwald ripenihg‘fesults_in larger droplets
forming at the expense'oi~iff]Jer drop]ets..

5) The reversal of the continuous and disperse phases to form the

inverted emulsion,.

23



24
The stability of emulsions has been studied by considering the forces
that operate between two dispersed phase particles. The theory that
describes the competition between electrostatic ngpulsion and
van der Waals attraction between two dispersed phase partic1és is the
DLVD theory. This theory was developed independently by Derjaguin and
Landau [21] and Verwey and Overbeek [22]. Figure 10 [23] is the
potential energy curve for two isolated particles when the following
forces are considered

1) short range Born repulsion o .
.2) long range attractive van der Waals forces and

3) 1669 range electrostatic repulsive forces due to double layer

' overlap.

Depending on.the relative magﬁitudes of these forces the curve may
exhibit up to two minima and one maximum. At the minima, van der Waals
attractive forces predominate'over-repu1sive forces and the droplets
form stable binary pairs. The minimum at the lowest droplet separation
distance is called the priﬁary.minimum while the minimum that oécurs at
larger droplet sebaration is called the”segondar& minimum. -The energy
of repﬁ]sion at the primary maximum acts as an activation energy
controlling the rate of.pair formation, or coagulatjon, in the primary

minimum.

If the potential energy maximum is large compared to the thermal energy
of the particles, kT (where k is Bo]tzmann's‘constant and T is.the

absolute temperature), the system should be stable against coaqulation



Potential ener'gy, \")

¥

Primary maximum

(Note—sPotential energy here is a sum of
Born repulsion, van der Waals attraction
ang electrostatic:repulsion)

)
>

- —— e —— =3 —————— ——

ho e~

‘Secondary mimmum

Distance between particles, h

- Primary minimum

Figure 10: The variation of potential energy between two particles with distance (from [23}).
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due to the random Brownian motion of the particles, also called
perikinetic coagulation. A height of 15kT is considered insurmountable
[24]. If the potential energy barrier does not exist, rapid coagulation

0CCUrS,

Flocculation may oégur in the secondary minimum if it is deep enough to
prevent. separation of the particles by Brownian motion. A‘depth of
about -3kT is usually sufficient [25]. Particles flocculated in the
seconqary minimum are relatively mobile and may frequently be separated
by s1ightnstirring. Particles coaqulated in the priméry minimum are

essentially in contact.

Although the potential energy maximum for droplets in an emulsion may
indicate the emulsion should be stable, externally applied forces can
still be used ﬁo cause flocculation in the primary minimum. If the
particles are brought into interact}on distance by stirring, the process

is called orthokinetic flocculation.

Both van de Ven and Mason [2h7 and Zeichner and Schowalter [27] have
analysed the stability of colloid dispersions in flow fields by
performing trajectory calculations on two particles, They calculated
the conditions uﬁder which doublets formed under siﬁp]e shear and
extensional flow and whether these doublets were in the primary or
secondary minima. H

. -

Practica1uapp11cation of the DLVO theory to bitumen-water systems has

been demonstrated by Takamura and Chow [247. Bitumen emulsion stability

Y



v27
for dilute emulsions (4% bitumen by volume) was found to agree well with
that predicted by NLVO.theory for different concentrations of aq&eous
vsalt solutions. As well, shearing experiments were found to be:in

agreement with predictions based on trajectory analysis,

No information was found on the stability of concentrated emulsions

under shear,



CHAPTER 2 : EQUIPMENT AND EXPERIMENTAL PRNOCEDURES

2.1 Outline of Experimental Program

&

The experimental program consisted of three staqes. These were:
1) design, building and calibration of the laboratory pipeline loop
2) screening of emulsions made with different oils and emulsification
techniques
3) 1nvestigating tﬁeﬂpressure drop versus flow rate behaviour of
fresh emulsions and stability of emulsions during long term

pipeline flow.

2.2 Pipeline Test Loop : Equipment

2.2.1 Overview of Equipment

A plan view of the experimental pipeline is shown in Figure 11. The
test loop was designed to establish steady flow of the emulsion at a
constant temperature and permit measurement of the emulsion flow rate

and the differential pressure due to flow in the test section.

Several considerationé contributed to the final sizing of the pipe]ipe
and the major pietes of ‘'equipment. These included |

1) the amount of laboratory space avaiiabre

2)”an emulsion.product viscosity of 10 to 20 mPa s

3) desired Reynolds number ranges of 5000 to 10000 and later 500 to

2500

28
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4) no more than 50 liters of emulsion to be required per test.

The major components in the system are 1) a loading bucket, 2) a 3L8
Moyno pump, 3) a 3.6 m long double pipe heat exchanger with a surface
area of 3.8 m¢, 4) a Micromotion mass flow meter, 5) a 5 meter test
section, 6)vthree Rosemount model 1151 differential pressure

transducers, 7) two accumulators and 8) an outlet hose.

The test fluid, emulsion or an oil, is introduced into the system via
the loading bucket, Tt then proceeds thrbugh the pump to the heat
exchanger. Following the heat exchanger is the flow meter where the
mass flow rate (kg/min) of the emulsion 1is measured. The emulsion then
enters the test section. Temperature and differential pressure are
measured here. Aftépfthe test section the emulsion is returned to the

pump, The fo]]owing‘sections describe the major components in the

system,

2.2.2 Pump and Drives

[
o

\(,\k

The pump is a three stage Moyno pump, model 3L8, manufactured by
Robbins-Meyers. This is a single screw type.positive displacement pump
cohsisting of a singTe threaded helical rotor rolling eccentrically in a
double threaded helix. The rotor and stator form a series of.sealed
cavities 180 degrees apart, that progress along the pump as the single
helix rotates. Thé rotor and stator are constructed of hardened steel
and Buta N rubber respectively. The pump has a maximum discharge

pressure of 1500 kPa (225 PS1) and a capacity of 2.5 1/s (40 U.S.
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gallons per minute) at 500 RPM, With an appropriate choice of drive

mofor and pulleys, test flows can be varied from 0,066 to 3.33 1/s.

Moyno pumps are designed to handle slurries and pastes under low shear
conditions. Shear rates experienced by the fluid in the pump are a
function of speed_and design constants. For a size 8 rotd} e]ément, the
pump manufacturer gives the shear rate at 100 RPM as 77 s‘l,i This . <hear
rate is mich lower than the shear rate experienced by the fluid in‘the
pipe. For examp1e, at 30 RPM the shear rate in the pump is about 23 s71
while tée shear rate at thekwali of the 2 cm (3/4 inch) pipe (8*v/N) i%
240 s”1, The shear rate in the pump may be important, as excessively

high shear rates could distort the overall effects of pumping the

emulsions for long periods of time.

Two motors were required to cover the various flow rate ranges in this

study. For the high flow rate stu@ies a 15 horsepower A.C. motor with a

fixed speed of 1160 RPM was used. [;ff‘speed was varied by usind‘a

~Hi-Lo variable speed puﬁley driv~ﬁ5 R&:ctured by Sepco-Metcom, on the

motor. A 50 cm (24 inch) sheave on the pump shaft reduces the driven
speed of the pump to the desired range. For the low flow rate stuQies a
2 horsepower D.C. motor with a variable speed controller was .used. The
speed of the motor can be varied from 0 to 1750 RPM, but should be kept
above about 900 RPM for.1oﬁg term running. A 10:1 reduction gearbox
together.with a V-be1§ and two pulleys reduce the output speed to the
desired range. Fof a given motor and pulley sefup the flow rate during

a given test can usually be varied on the order of 3:1. The electrical

power required by the N.C. motor was monitored during an experiment.



2.2.3.Accumu1ators

A]thpudh the discharge rom the Moyno pump is relat1ve1y smooth some.

?

prob]ems were initially exper1enced w1th V1bratlon in the system,
especialty when the system was run as a c]osed Toop. Two accumulators
“‘were added' to the system along with’ several pieces of. flex1b1e gaso11ne
pump hose. With these mod1f1cat10ns the v1brat1on was much reduced

»The installation of the f]ex1bTe hoses also helps in isolating the,pump '
< . v
from the test section and makes the alignment of the various parts of

L
B3P

“he circuit much easier, IR
R ("
rThe first accumu]ator is al 1 Va]vcon accumu1ator. This(is simp1y a
pressune vesse1 containing a rubber bladder to. separate the process
fluﬁd from a pressurizing gasJ As long as the gas pressure JS between
20 and 80% of.the pump’discharge pressure the accumulator dampens the
“yariations in the f]ow rate and pressure and reduces v1brat1on *.
' throughout the system.

The‘ second accumu]ator was added to the system durﬂng the very Tow Tlow
‘rate exper1ments. Th1s accumulator is a. g1ass column that can be -

1

'pressur1zed s11ght1y with n1trogen and does not contain a separat1ng

: membrane. The pressure in th1s accumulator can be adJusted more ?1ne1y
and is required to even out the f]ow var1atlons at the very low flow
rates. This accumu]ator is near the pump suct1on and has twoﬁadd1t1ona1
advantages. The f1rst is that 1t a]lows the whole system to be run

'sl1ght1y above atmospher1c pressure and thus avoids the poss1b111t of
y



eir,entrainment into the system. The second is that h1gher f]dlyrates
are poss1b1e because the additional pressure prevents cav1tat1on in the
pump. * By filling the co]gmn with the-emulsion, samples drawn from the
system during a test are replaced by material from the column Without

opening the system to atmosphere.

2.2.4 Heat Exthanger

A3.6m doub]e -pipe counter current heat exchanger is in between the
pump. and the flow meter. Heat generated by fTOg,l” the system is
removed via the heat exchanger. Initially, cooling water was drawn from
/'the'city cold water tap, rﬁn through: the exchenger end discarded: -An
ethylene glycol/ water recirculating system was introduced when city
water<tempera£ure§ rose above 6°C. The recirculating system provides
>adequate cooling for the 1ow flow rate tests. 'Refrigeration was
provided by a Blue M PCC-34—C portable cooling unit, with the final
teﬁberature»contro11ed by a Haake N1 heater/ circulator Foo11ng water
temperatureikwere maintained within 1° to 2°C once steady state was

. e
achieved,

fhe pipe1ine loop was iﬁsu]ated te~reduce temperature fluctuations in
the;system. gost of the tests were run at abogt 10°C to fry and more
‘c1ose1y simulate actual pjpe]ine cdﬁe{tions. Thié was not possible for
two of the ‘very high flow rate tests wﬁere city water was too warm and-
the recircd]ating system cou1dynot handle the heat load. These tests

were run at 25°C.

33
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2.2.5 Flow Meter '

Two Micromotion flow meters are used to cover the range of flow rates of
,

interest. A model C-100, calibrated for 0-400 kg/min, is used for the

high flow rate-studies. A model B-50, calibrated for O-45ykg/m1n, is

used for the low flow rate studies.

The flow sensor in this type of a meterufs a U-shaped tube which is
vibrated at its natural frequency. The movement of the fluid, in
combination with the vibration, causes the tube to twist. Magnetic
posiﬁion detectors determine the amount of twist and produce é linear
signal proportional to the mass flow rate of the flujd. The meter is
not affected by<the fluid viscosity, enﬁraéned'gases or material buildup
on the wall. As we11 the meter appears as essentially another piece of

pipe to the flowing emulsion,

2.2.6 Test Section

The test section is a ﬁ single piece of 3/4‘inch Schedule 40 ASTM‘
grade Al05 seamless black pipe. This is the type o% pigglcohmon]y used
| in pipeline applications. The first 2,5m provide an uhoﬁsfrdcted
“region for flow to develop fully before qny.meqsurememts are g%ken.
'This corresponds to a distance oﬁ;ﬁpproximatelyviZS pipe diameters,

s

The minimum entrance length in laminar flow was calculated by Langhaar

[28] to'be 0.058Re pipe diameters for circcular pipes.  For a Reynolds
& oo gt '

: . oy
number of 2000 thd's gﬁ?{é@ponds“to about 115 pipe diameters. In
. & N ’
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Dturbu]ent flow, Olson and Sparrow [29] report the entrance length in
circular tubes is of the order of 20 pipe diameters and is only:
moderately effected by the maqnqtude of the Reynolds number, Thus an

;éntrance length of 125 pipe diameters should be sufficient to establish

fully developed flow in the test section before pressure measurements

i

are made.

Four collars were welded to the pipe at the pressure tap points to hold
. 1

the necessary fittings. The pressure taps themse]ves are 0.8 mm

(1/32 inch) ho1es dr1lTed 1nto the pipe. Two half collars were_we]ded

on the pipe at either end-oﬁ the Ltest section to hold thermocouple

l‘;)

fittings. Thermocouples w%re\bﬂ?c%@

iy h "VA

points. Surface themocouples were attached along the length of the test

section to check for'temperature,variation along the pipe.

2.2¢7'Pressure Transducers

2

.\Quny\

semount differential pressure transducers are used to measure three
apressure drops from a common high side to points 0.76, 1 52 and 2 44 m
. downstream Different transducers are used to cover the wide range of

pressure drops that were heasured. Transducer calibrations ranged from

0-2 kPa to 0-150 kPa.

The sensing element of the d1fferent1al pressure transducer is a
stretched spring e]ement separated from the process f1u1d by isolating
'd1aphragms and 0il fluid fill. The spring is def1ected by an imposed

d1fferent1a1 pressure and this def]ect1on is detected by capac1tor

35

'to the fluid itself at these two
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plates on both sides. The maximum spring deflection is 0,10 mm

(0.004 inch).

W

2.2.8 Data Acquisition %

The five measurements taken during a teét were temperature, flow rdte
and three diffe;!ntia1 pressures. A Fluke data logger, Model 22408,
scanned the instruments at predetermined intervals. The measurements
were d1sghayed and the results printed on a paper tape. A Tektronix

4923 tape deck simultaneously recorded the data on a magnet1c tape.

The data logger is capéblé of reading thermodouples directly. The
red@ining instruments gederatel4—20 mA signals. Precision resistors
wefe used tq convert the mA signa]s'to vo]téges for 1ogging by'the
Fluke, The data logger was calibrated occasiona11y using a Rosemoudt
Model 262 field calibrator, td'estéb1ish_the voltages cg}résponding'td 4
and 20 mA.

The magnet1c data tapes are compat?ble with a Tektron1; computer which

is used for data analysis gand plotfing.

-

e
ey

W

g
. _ 4
2.2.9 Loading System and Valving<

Figure 12 i]1d§tratés the valves and other equipmenf‘heddired~to
roduce and remave material- from the pipeline Toop. A1l valves are

1 inch Jenkins compact body ball valves.

H
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fo introduce a fluid (either water or oilj into the empty system, valves
1,4,6 and 7 are opened and valves 2 and 5 are closed. The fluid is
poured into the 1oad?hgtbucket and the pump started. When the level of
the fluid in the loading bucket drops, more fluid is added until
recirculating fluid enters the bucket via the riser., The fluid is theh
a]dowed to recirculate until all the air in the circuit has been

removed. _ v Q

The test emulsions uere not introduced into the system this way.
Rather, the system was f1rst ‘filled with the aqueous solution used to
make the emulsion and the so]ut1on was then d1sp1aced by the test
emulsion. In this manner air in the system could be removed before the
emulsion Wwas introduced. The sequence of events to displace the\agueous

e

so1ution in the pipeline with the emulsion is as fo110us. x
. (*
The circuit and 1oad1ng bucket both conta1n the aqueous sb1ut1on to be .
displaced. Valves 1,2, 3,6 and. 7 are opened with valves 4 and 5 c]osed
Flow is started and the aqueous solution in the bucket enters the system
forcing the solution from the system through the drain hose attached to
. valve 3, When the level of sd]ution in the loading bucket drops to the
ltop of the bu]kheadnfjtting.at the bottom of the loading bucket, f]ow’is
stopped. - Valves 2 and 6 are closed. Any solution remaining in the"

loading bucket is removed manuat]y.

The emulsion is now introduced into the loading bucket. Valves 2 and 6
. D
are reopened and the flow is started. The loading bucket volume is

‘approximately equal to the volume of the re.~ of the system. = When the
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level of the emulsion in the loading bucket begins to get low, more
emulsion is added. This is done either while the emulsion is still

flowing, or by ‘interrupting the flow in the manner described above. .

8y the Time about bne and a half loading‘buckets of emulsion hane been
added to the systen, all of the aqueous solution has left the. system,.
At this point valves 2 and 3 are c1osed and valves 4 and 5 are opened.
This stops the flow of mater1a1 out of the system and starts circulation

of the material through the system and through the bucket.

Usually two loading buckets full of the emul sion were used to displace
the first f]uid and fill the system. A third bucket of the emulsion was
" used to provide enough fluid to the system for sampling dur1ng a run,
Initially, to insure proper mixing of the emu]s1on in the system, valve
5 was closed forcing all of the material to circulated through the
1oading'bucket. Later, valve 5 was opened and va]ves 4 and 6 were
closed to reduce the amount of emulsion that needs to be‘coo]ed to

operating temperature.

After the emulsion has cooled butAbefQQe a test starts, vafves ? and 6
are opened nith valve 8 venteu tb:etmosphere. Emulsion from the bucket
enters the system and the emu1s1on level in’ tne accumulator rises, This
process is aided at 1ow f]ow rates by.thrott11ng“va1ve 5. When enough
emuls1on has been added to the accumulator, valve 6 is closed as is
valve 8. Nitrogen is added to the accumulator though valve 8 to contro]

the pressure of the system at this point and thus increase the pressure '

of the whole system sligntly.
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2.3 Pipeline Test Loop : Calibration

Before starting flow tests in the pipeline loop with the emulsions, the
test section was characterised with respect to inner diameter, length
and relative roughness of the test section, Both values were determined

by conducting flow tests with Newtonian oils,

In the laminar flow regimq, pressure gradient is only a function of the
inner diameter and is not a function of the relative roughness. The_
friction factor,‘f:OAD/Zvap, is related to the Reynolds number,
Re=Nvp/u, by the relationship f=16/Re. Flow tests can therefore be used
to determine the value for inner diameter hy:
1) using a Newtonian oil
2) determining the density and viscosity behavfour of the test fluid
as functions of temperature
3) measuring the pfessure drop in the test section as a function of
flow rate and temperature
and 4) plotting the test results as friction factor against
1/Reynolds number for different values.of inner diameter until

the best fit of f Re=16 is found.

The 0il used for the laminar flow experiments was a mixture of two
straight mineral oils produced by ESSQ'Petroleum Canada, Faxam 22 and
Faxam 68. The mixture was allowed to circulate for several days in the
pipeline before Qhe flow tests were conducted, Thé physical properties

of the 0il were determined immediately following the flow test on a



b

‘sample drawn from’fhe test loop. The viscosity of the oil was

i
\

determined as a fupct1on\of temperature using a Haake Rotovisco
viscometer. The dgnswty of the 0il was determined as a function of
temperatufe using ;'gravfty bottle, At 25°C this oil had a viscosity of
57 mPa s ana a density of 868 kg/m3.

Figure 13 shows the variation of friction factor with 1/Re for the
laminar flow data. A value of inner diameter of 2.12 cm (0.836 inches)
results in f Re=15.5, which is within 3% of the theroretical value. The

book value for inner diameter of this type of pipe is 2.09 cm

(0.824 inches), which compares well with the determined value.
)

&

In the turbu]ent’f]ow regime, friction, factor is a function of both the
inner diameter and the: p1pe relative roughness With the inner diameter
determ1ned by 1an1nar f1ow exper1ments turbulent flow experiments can
be used to detérmlne the relative roughness of the test section by

1)‘us1ng afNethn1an fluid

2) determining the density and v%sCosity Behavfour of the test fluid

as functions of temperature |

3) measuring the pressure drop of ;he test fluid in the test section °

as ; function of flow rate |

and 4) plotting the results as friction factor against Reynolds number

on a Moody plot.

The Mdody plot, illustrated in Figure 14, cdrre]ates friction factor as
a function of Reynolds number and relative roughness. It is based on

the data of many investigators as correlated by Moody [30]. The lines
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on the diagram are well represented by the equation due to Churchill

(32].

£/2 = ((8/Re)!2 + 1/(A+B)1+5)1/12

where

=
1"

(2.457 In(1/((7/Re)0"9 + n,27e/n)))L®

B (37530/Re)l® ¥

After plotting the data as friction factor against Reynolds number,
lines for var10us values of relative roughness may he generated using
Churchill's equation until the best f1t ofjthé data is found. This
value is taken to be the re]ative rpughness; e/D, of the pipe in the

test section.

The o0il used for turbulent flow calibration was Voltesso 35, a mineral
0il containing a 0.05% of an antioxidant; produced by Esso PetroTewn
Canada. . The oil was circulated for several days before Fhe calibration
tests were done, The physical propefties of this o0il wetre determined on
samples taken from the m@terial circulating in the‘pipefine upon -

completion of a flow test. The same methods were used to determ1ﬂe«the T

A,

X
" physical properties of this 011 as in the 1am1nar flow" exper1ments.

at 25° C _ a’ _ Qié ;Qé
The data are plotted in Figure 15 as friction factor vers eynq]dg .¥foc

number using the value for the inner diameter found in th§ 1af1nar fTowk~,
&

tests. The relative roughnesé is established by drawing

e
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‘2 )
found on a Moody plot and determ1n1ng wh1ch value of reTat1ve roughness

L6

best f1ts the data. Figure 15 summar1zes the Tam1nar and turbulent flow
/ / Y
“data. The best fit of the turbuTent fTow data corresponds to

¢

e/D=0,0012. This vaiue of relative roughness lies between those
reported for 3/4 inch drawn tub1ng (0.00008) and 3/4 inch commercial
steel pipe (0. 0024) (317 and is therefore considered reasonable for the

seamless p1pe used in these experiments.
' \

A

[
*r'.J

The uTt1mate objective of this study is to compare the behav1our of an
emulsion to that]o;‘a\REgton1an oil. Therefore the caT1brat1on line for
the turbuTent f1ow data is necessary to allow compar1son between the A |
emulsion data and the Newton1an 0il data in reg1ons where the Reynolds

humbers do not overlap.

B S 4

2.4 Rhysiéal Property Determinations

The péysicaT properties required for'the emulsions are
'1) density
2)’viscositj

and 3) oil/water ratios. , - .

© 2.4.1 Density ' . , , S .

The emulsion density versus tehperature‘behaviour was determined osTng a
‘paar D1g1taT Denswty Meter model OM- 55. This device consists of a
U-shaped sampT1ng tube ‘which is rigidly supported at its open ends. The

4
‘tube is vibrated at its naturaT»frequency and the period of osc1TTat1on
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T is measured, The density p is determined by
p = T2-B )/A

where A and B .are instrument constants determined by‘calibration with

twa materia]g of known density, usually water and air.

The procedure used to do the measurements is outlined in the ASTM test-

procedure D 4052-81.

9.4.2 Viscosity

A y - Al

The rheo]og1ca1 propert1es of the emu1s1ons were - measured using a Haake
Rotov1sco RV-12 equ1pped with an M-500 measur1ng head and NV sensor
system. This is a Couette typi v1scometer with a rotating bob and

statioﬁéry cup. - . -

Va]uig}of absolute v1scos1ty were determined with this 1nstrument and
flow curves of shear stress versusjshear rate were generated 'Tbe
temperature of the sample was control]ed by an external water: Jacket
V1scos1ty mea5urements were made at’ 25°C dur1ng the emulsion screen1ng
program and at p1pe11ne temperature dur1ng the p1pe11ne test program.

3

Figure 16 111ustrates the components of the viscometer. system.'

g
Before a sample was taken‘the‘water jacket was allowed to equilibrate to
the des1red temperature. The sensor system was removed from the
_viscometer assembly and samp]e was 1ntroduced 1nto the cup. A clean
disposable p1ast1c eyedropper was used to transfer some of the emulsion

from the sample jar to the cup. The tip of theyeyedropper was cut off
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1= Basic mstrument.RQTOVISCO RV 12
v 2- Recorgér xy/N
3- Speed. programmer PG 142

4= M500 measunngdrive-umit \ .
' i . . -
5= Stand '
6- Temperature vessel ‘
T+ 7= Thermal ligwd constant temperature circulato
8- Sensor system : :
. \ T‘ ¥
A .
.

Figure 16: Components of the vISCOSIty measurement system
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for those samples where larger bitumen drgplets clog the regular
opening. The bob was then placeo in the cup.and the viscometer was “

Tm

reassembled,

Readings are taken as soon as possihble after the sample has been
“introduced and the temperatUre has stabilized. Initially it was only
possible‘to measure shear stress at four sHear rates. A straight line
" was .then drawn through these points and the v1scos1ty was determined
from the slope of the']ine. Later, a PGl42 programmer was added to the -
systemAwhich allowed flow curves to be generated.‘ These were stra1ght

lines as well,

2.4.3 0il1 / Water Ratios

The 011 used 1n the emu1s1on p1p11n1ng exper1ments conta1ned about 8%

4

water, Thus ‘the actua] oil-concentratiop of each emuls1on was

LD

determ1ned -by ana]ys1s.- Samp]es taken dur1ng a long term pump1ng test
were also ana]ysed for o11/water content ‘o observe any changes from the’
“'1n1t1a1 compo§1t10n. .

v

s

A]l emulsion samples were ana]ysed by the 011 Sands Analytical
‘ Laboratory of the Alberta Research Council. The procedure was a mod1fed

Dean Stark analysis, a copy of which is given»in Appendix B,
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'2.5 Emulsion Screening

o, . .
gb . \ i
_The oq;éct1ves of the emuls1on screening program were to find an

emu1s1on su1tab1e for the p}pe]]ne exper1ments and estab11sh a method

for making- 1arger batches of ‘emulsion. The emu1swon formu1at1on’

. followed that described by Kessick and St.Denis, U.S.Patent 43433%3

%14j; aod‘was therefore not studied in great detad1.

The cr1t°r1a used for se]ect1ng an 0il were:

| %&) good emulsion format1on in a 0.1% by welght NaOH solution
.?} stability of the eouls1on on standing
3)‘stab111ty of the emulsions under shear in the viscometer
ijreproducibi11ty of the emulsions as indicated by v15cos1ty
'meaSurements , |

.and 5) ava11ab111t@%of the oil.

~ The variao1es Studied'in‘the‘sereening progrdmrwere: r

1) oif type.

2) oi}*concentration

3) equous ohase ?ormu]ation

and 4) emulsification,equipment.

Two 0ils from the heavy oil fields of eastern Alberta were the possible .
oandidates. The first was a Cold_Lake crude recovered by steam |
stioulation and field treated. This 0il was available through' the
Alberta Research C0unc1l 0il Sands Sample Bank, reference number 82-N1,

Table 4 11sts the phys1ca1 propert1es of this crude 0il as reported by



. Table 4: Reported physical prop'erties of Coid Lake crude oil, sample number 82-Q1

- Oil Sands Physical Properties Data Base

Sample Identification a

SAMPLE 1.D. NO: 82-01 - | 'CLASSIFICATION: Bitumen

COUNTRY: Canada FIELD (POOL): . Cold Lake
STRATIGRAPHIC UNIT:  Clearwater ’ -

7 LOCATION:.  LSD SEC. 4 TwP. 65 RGE. 3 W 4M

. METHOD OF PRODUCTION: Steam-Stimulation DEPTH:
SOURCE OF SAMPLE: Esso Resaurces. DATE SAMPLED: January 1982
OTHER SAMPLE DESCRIPTION: 82-01; sample had 8.62% water which was extracted

" Hydrocarbon Characteristics : Simulated Distillation :

- “GRAVITY 9.999 CUT'TEMP. Vol% . Sum
RELATIVE DENSITY 15/15deg.C  0.9994 0 deg.C: ' . VOL.% = -

|§QOSITY (Cps.)  .15deg.C 410,233 197 - 1BP ., 05 '

25deg.C 86,943 150
60deg.C .. 2751 175.

o 100 deg.C: 220 - 195 . ,
POUR POINT . - deg.C 225 1.75 2.25
'MOLECULARWEIGHT = = 552 250 1.56 3.81
CARBON RESIDUER wt. % 12.0 275 1.85 ‘ 5.66 .
CARBON RESIDUEC -~  deg.C ) 300 348 9.14
ASH ) wt.% .. 0.05 325 3.61. 12.75
CARBON - - wt.% 83.91 343 2.60 15.35
HYDROGEN wt.% 10.46 ) :
NITROGEN wt.% 060 375 474 - 20.09
SULPHUR wt.% 4.50 400 4.05 24.14
OXYGEN - wt. % 1,26 425 4.00 - 28.14

"~ VANADIUM _ ppm wt 155 - 450 4.01 " 3215
NICKEL " ppmwt 67 475 4.00 36.15
SATURATES ~ wt.% 17.34 500 4.01 40.16
AROMATICS . wt.% 12.49 524 3.72 43.88
POLAR| ~ - Wt9% 21.45 : _
POLAR I wt. % 13.18 ~ RESIDUE 56.12 100.00 -
POLAR Il wio% - 17.94 ' , ‘
ASPHALTENES - Wt.% 16.61 N
ACID NUMBER * : 0.88 :

.HEAT OF CQMBUSTION Jig 41.041

51



“the 0il Sands Sample Bank. The second was a dewatered bitumen supplied
by Esso Resources Canada Ltd. This material was racovered from produced

"

oilfield emulsions by removing excess water by distillation. .

The two concentrations investigated were 40 and 55% oil by weight. This

gave a wide range of emulsion viscosity and stability behaviour,

The chofce of aqueous solutions was between:
1) d1st111ed water containing 0.1% by we1ght NaOH
.and 2) distilled water containing 0.1% by weight NaOH and 0. 02“ by
weight sodium hydrosulphide {Nazsa04), as an oxygen scavenger.
The two types of equipment avai]aeie %or emQ]sification were:
1) a paint stirrer

and 2) a Polytron PT35 homogenizer.

The test program consisted of making about 200 g of each emulsion and
investigating the viscosities of the fresh and aged emu]sions over the
period of severaT days. The change in v1scoswty of a sample on shearing

at a constant shear rate in the viscometer was observed.

A summary of all the tests is given in Appendix C. The trends that can

be observed are ‘ .

1) The viscosity of the em%1sions increases with the age of the
samp]e.\ - ‘ - \
2) The v1scos1ty of a given sample increases’ with shear1ng t1me in

. //‘/"
the v1scomgter.
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3) The dewatered bitumen emulsions are too unstable to be used in
the pipeline experiments. " ‘ I | —
4) The oxygen scavenger does not.appear to iﬁprove the stability of
the emulsions. ’ ﬁ
and 5) The best emulsions are made'wit‘é‘Con Lake crude using the

Polytron homogenizer..

Figure 17 is a typical photograph of a Cold Lake crude emulsion enlarged

400X. The emulsion was.made with the Polytron homogenizer and a 0.1% by
% :

weight NaOH selution. From the given scale, most.of the dFGp]ets are in-

H

the range froh}4 to 6 microns.,

.
-

Based on the results from the emulsion screening program, the 0il chosen

for the emulsion pipe1ining tests was the Co]d Lake crude.

2.6 Fmulsion Preparation

Emulsions: for use in the emulsion pipelining experiments were prepared

in the following manner,

Distilled water was heated to 90°C to remove any dissolved gases. An
aqueous solution was made with the hot distilled water, 0,1% by weight
sodium hydroxide (NaOH) and 0.02% by weight sodium hydosulphide

(Na,_S,0,). Approximately 6 kg of room temperature Cold Lake crude ofl

2
was poured into a tared, 20 1 stainless steel bucket and weighed. The
correct amount of aqueous solution at 80°C was then added to the oil to

produce the desired nominal oil concentration in the emulsion, A



Figure 17: Photograph of Cold Lake crude oil-in-water emulsion through microscope enlarged 400x.



55
spatula was used to contact the oii and water phases, which formed an
emulsionvwith gentle stirring.

! .

The emulsion was then homogenized using é Polytron PT45 homogenizer with
a PTA45/6 génerator for lﬁwminutes at power level 5 and for 1 minute &E
power 1evé1 5.5. The homogenizer relys on mechanical shear to disberse
&ghe oil in the wéter with no ultrasonic component, Norattempts were
made to 1nV§stig%te the effects of power level or homogenization time on
the physiéal or %1ow properties of thé emulsion

Thfee 20 1 pails of emulsion were mdﬁe for each test, The emulsion was

introduced into the test loop as soon as possible after it -was made,

4



CHAPTER 3 : EXPERIMENTAL RESULTS

3.1 Objectives of the Emulsion Pipelining Experiments

The experimental program had two objectives. The first was to develop
generalized correlations of frict-ion factor versus Reynolds number that
could be applied to pipeline design. The second objective waé to
1nve$tigate the effects of oil concentration and shear rate on the

distance an emulsion can be pumped before breaking down.

3.2 Overview of the Pipelining Experiments

Two types of tests were performed with a given batch of emulsion. The
first test was a short test usually taking about half an hour. Here the
ffesh emulsion was introduced into the pipeline and allowed to circulate
until its temperaturelreached the desired test temperature. This was
usually about 10° to 14°C, Starting at the lowest possible value, the
f]ow‘réte was increased slowly in steps to-the maximum value and then
decreased in the same manner to the Wow value, ‘At each flow rate the
emulsion temperature and the predsure” drops in the test §ectfon were
recorded. This pattern was‘then repeated. At the end of the test a
sémp]e of the emulsion was taken to determine the density and viscosity
}verSUS»temperature behaviour..The data were then used for the

correlation of friction factor with Reynolds number.

The 'second type of test involved pumping the emulsion in the closed loop

pipeline at constant flow rate and temperature. .Measurements of the

56



, 57
pressure drops, flow rate and temperature were made every half hour for
the duration of the test. Samples were taken during the test to monitor
changes in the emulsion viscosity and oil concentration. The test Was

continued until a breakdown in the emulsion was observed,

The experimental prdgram involved two levels of nominal oil
[ ]
concentration, For each level of oil concentration tests were made at

five different flow rates.

The oil concentration levels were nominally 45% and 55% by weight, but
due .to the initial water present in the oil used, thé:;;tual values
varied somewhat. The overall flow rate range covéred in all tests was
from 4 to 200 kg/min.v For any given test the flow rate could only be
varied by a factor of three. Different pulley and drive motor

arrangements were required to achieve the desired flow rates.

fablé 5 summarizes the conditions present for the tests that were
successfully comp1eted.' The following information is g}véhjfor each
TN

‘test. | ‘. | C// .

A) The testrname‘thch indicates the oil type, cLe =/Cold Lake'crude,\
the nominal oil concentration.and the emulsion batch. :
B) Themrange-of flow rates (kg/mfn) coveted in the determination of
the variation of friction factof with Reynolds number.
C) The range of Reynolds numbers corresponding to thé above flow
‘rates |

D) The flow rate (kg/min) chosen for the long term pumping test.

E) The corresponding value of shear rate, 8*v/D, (s-1).
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Nominal 45% Emulsions

Nominal 55% Emuisions

_ Tabte 5: Summary of the friction factor ﬁeyndfd Eﬁ[’gr’% [
long term flow tests sutcessfully completed ™

.

Test name

Flow rate range

for friction factor - .
Reynolds No. tests
(kg/min)

Reynolds No. ~rar\ga
for friction factor -
Reynolds No. tests

Flow rate for
stability test
(kg/min)

Shear rate during
stability test (s')
‘s

Initial oil )
concentration (wt%)

1

CLC45-10

53-126

500-1200

74

130

42

~ Flow Rate Level

2

CLC-45-08

74 -27

740-2700

14

250

43

H‘N bts

3
'CLC-45-09

13-4

1500-4700

40

720

39

R
T CLC-45.05  Cl

88 - 160

8200-1 5200 10800-22000

125 190 °

2300 3400

45 42

Test name

Flow rate range
for friction factor -
Reynolds No. tests
(kg/min)

Reynoids No. range
for friction factor -
Reynolds No. tests

Flow rate for
stability test
(kg/min)

Shear rate during
stability test (s-')

Initial oil
concentration (wt%)

Y

CLC-55-13
42-98
190-450

74

130

49

CLC-55-10
8.0-24
500-1200
14

250

50

CLC-55-11

13 - 41

650-2100

28

500

49

CLC-55-09  CLC-55-12

92 - 192 125 - 200

4000-8300 11000-17700

125 190

2300 3400

57 48

LN
b




F) The concentration of oil in the emulsion (wt% oil). This is the

L
é; E§a1ue determined by analysis of a sample taken immediately after
%§ “the short test.

>
Append1x D contains a comp}ete description of each tes"pnd the data

that were generated,
8

R
]

Tests done but not recorded in Table 5 are as follows. Test CLC-45-03
and test CLC-45-04 gfre the, f1rst attempts at working with emulsions in
the pipeline. They served to establish the repeatability between flow

tests from day to day and between emulsion'batches. The best way tq run

.,

the long term tests was determined and the method for cleaning the

sy5tem between tests was established.

4

Long term tests CLC-45-06 and CLC-45-07 were not completed successfully.

Test CLC-AS 06 was stopped when the pump could no longer be turned at
constant speézxdue to insufficient motor horsepower, Test CLC-45-07 was
ndt comb]eted%dUe to a gearbox failure. However both tests are useful
1n estab11shvng re;eatab111ty between 1dent1ca1 long term tests when

thef ‘are compared to the successfully completed test CLC-45-08.

¢

S X
f3.3*Variafion of Pressure Drop with Flow Rate
Lo B !

. LR

?The data co]lected on the var1at1oh of pressure drop with flow rate are
}redUQeq to the d1mens1on1ess var1ab1es fr1ct1on factor, f= DAP/Zvap,‘and
bReynqlds number Re NVp/w. The variation of the friction factor, f,

'w1th the Reyno]ds number Re, fs illustrated in Figure 18 for the

. nom1nally 45% oil emu]s1ons and in Figure 19 for the nominally 55% oil

59
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emulsions. The value of friction factor plotted is the average\ef the

three values calculated for the different lengths of the pipe.

he range of flow rates covered over the course of al] of the tests is 4
(]

to 200 kg/min. This corresponds to a Reynolds number range of 500 to
22000 for the nominally 45%&611 enulsﬁons'and a Reynolds number. range of
190 to 17700 for the nomina11y 55% oil emulsions. As nell, these flow
rates correspond to:a range ‘in hu]k velocity of"0.3 to 9 m/s. The

measured pressure drops range from 0.3'to 140 kPa.

Tt was only poss1b1e to increase. the flow rate by a factor of about ,
"

three .over the lowest f]ow rate during any given test, The 50 fp]d ;;9"‘\
" a

. #

var1at10n in flow rate overa]] was achieved by a carefu1 choice of dr#é%“‘r:

1]
a

motor, gear redyct1on and pu]heys to turn the pump at appropriate speeds
fpr eagh of the, tests. 'The'friction factor - Reynoné number -data in .

Figures T8 and 19 are the test_regults from five different emulsion
. N ’ N ) .
batthes at 'eagh nominal concentration level.
Figures 18 and 19 show that the emuls1on data 11e be]ow the ca11braggon
* line for the. uewtontaﬁ”mrf ”Thgﬂ%ﬁnﬁlsmn data 11eg,u1th1n 10% of the¥®

ca]rbrat1on-data.».TheQSS% emu151on data Tie somewhat lower,

v

- 4

‘The transition from the Tam1nar to turbu]ent f]ow reg1mes for¥ the 45%
. .

’emu1s1on oGeurs between Reynolds numbers of 2200 and 2500 as ‘was the *. 1’
)

‘ "
.dcase for the Newtoman oil.: Flow' rates (;or"t’he 55% emulsions were not

su1tab]e to observe the trans1t1on 1n§fh flow reg1me.

a
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The agreement between the d1fferent batches of 45% emu1s1on over the

different ranges in Reynolds number 1s very good. The agreement between

W

different 55%pemulsion tests is also reasonable,

The hysteresis in the friction factor - Reynolds number behaviour for:
_ the 55% emulsion CLC-55-09 did not occur.during any'of the other tests.
The fr1ct1on factor decreased with increasing Reynolds number returning

a

\to a “higher 1eve1 than initially, when the Qeyno]ds number was
decreased, Thts pattern was repeated whenlthe flow rates were varied
again, but not to)as great an extent. This batch of emulsion,
CLC-55-09, had the highest initial oil cpncentration at 57% by weight

0il. | - ‘ .

3% Long Term Emulsion Pumping Tests

*
-

During a. 1ong'term pumping test an ‘emulsion was gﬁrcufated under

cond1t1ons of constant flow rate and temperature until s1gn1f1cant

4

departure in the operat1ng cond1t1ons of the system from the steady Q}
state or pseudo steady state va]ues ‘were observed, These changes

49 ude large departures in d1fferent1a1 pressures or temperature No
11m1t was placed on the 1ength of t1me requ1red for such cbanges to ¥
occur. when‘such changes did occurdtﬁﬁiemu1aaon was cbns1dered to have
broken down;L o . ,

12y T C =N » ' N
The variables studied in the pong term pumping tests were. oil

%rchtentrqtionfand flow rat;. The data recorded during a long term



pumping test were:
1) flow rate
2) temperature
3) differentia1 pressure
4) o0il concentration
5) emulsion viscosity

and 6) current drawn bywthe motor (where possible).

‘Flow rate, tehperature ahd differential pressure were recorded every 30
minutes. The oil concentration was ana]ysed from samples taken from the

system. about once or tw1ce a day. These sémp]es were a156 used to check

3

the viscosity of. the emu1s1on as an indication of changes in the

.structure of the emuls1on.v The current drawn by the D.C..motor was
réébrded‘tbntinuous1y'on a strip chart recorden. The differential
pressure data was generalized by ca1cu1at1ng the fr1ct1on factor,.

N 'Qo
f=DAP/2Lv2p, to compensate fi

;;;11 changes Jn f10w rate and

temperature.

For each leve\)of'noﬁinai 0il comcentration, long ‘term pumping tests
were eonductedrat five different fldw rates. For the nominally 45i~*§
emu]s;ons, the tests‘were conducted at—774, 14, 40, 125 and* 190 kg/min,
For the n@ainally 55% emu];ions,“the tests were eonduttedtat %.4,’14,_
28, 125 and 190 kg/min Tests were cdndueted in bol 'the?laminar and
turbulent f]ow reglmes Ai] tests Wereucondutted between‘10°-and 14°C
cept for those at the h1ghest shear rate 1eveL, ‘whefe the refn;gerated
«cdo11ng system did not have adequate capac1ty and the city water was-

only available at about 15°C, These twovtests were carried out at about’



25°C.

‘The.data col1ected during the long térm'pumping tests’qre hre@entedvas“
the variation of a giVen quéhtity with di§tance. .The distance an |
emulsion remains stab]e is considered tn he a more meeningful parameter
for designing avuiheline then time. Time and velocity are the measured
quantities, thus the distance travelled durtng a test is calculated as

the product of the time'average*bulk velocity and time.
v . g . ,
Figure 20(a)-(d) form a typical record of a long term turbulent }low
test,'test CLC-45-09. The four graphs present the variation with
distance of a) fr1ct10n factor b) temperature, c) oil ¢oncentratton and-
d) current drawn by the D.C. motor. In. F1gure ea , the friction t
factomams’steady far some t1rne, then there is a sharp decrease

f@l]o Yy a second more §table per1od At constant veloc1ty changes

,14

in the fr1ct1on factor are dueégg changes in the pressure drop alone.éﬁg
This change in the pressuree ancl%h@|subsequent more stable per1od are
‘accompan1ed by an increase 1n1the overa]l tempergine in the system,
Figurg 20(b), and the current required by thg;D C. mbtor to %hgn the

) pumb at constant speed, Figure 20(d). © At this time it a]so ‘bedomes »
' impcseible to getfmeéningful-viscoeity deta, on samples taken fr&m{the‘~
syetum, as'ﬁhear stress qeiuings at constant?sbeqc rate in the‘u
v15cometer were very erratfc.m The concentrétignrdecreases §teadi1y‘
-throughou& the course of a runm, Figure ?O(F). Tab]e.6 gives”the
gmulsion v1scos1ty “as a funct1on of distance travel]eq dur1ng the test.

Viscosity decreases‘during the test, becoming more erratic“towards”the

“end of the test. These trendscwére}elso observed in.tests €LC-45-05 and

AR “
LY
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Table’s: The vaniation of’erﬁulsgon viscosity with distance travelled for test CLC-45-09

: . ‘ - - O Emulsion
Sar\zr:)ple’ Disizra:ce Concentration Viscosity
' (Wt %) ' fco @ °C) "
2 "o . -39 9.1 @ 12.1
3 47 39 . 88a@ 141"
4 17 38 " 86@ 125 °
5 170 39 8.8 @ 10.8
6 " 290 38 82@ 11.8
7 336 38 "82.@ 116 .
8 453 .38 82 @ 103
9 523 37 82 @ 103
10 i 616 36 72@ 121
11 . i 689 36 NA
12 763 36 73 @ 12.8
13 813 - 36 NA
14 922 36 12.1 @ 13.5
15 % 969 . 36 105 @ 13.7
16 : 1086 37 9.1 @ 13.7
17 ; ' 1242 35 © NA
18 - 1399 33 ‘ NA
19 1442 34 S NA
20 . 1558 . 33 Ny 70 @ 115
21 \ 1718~ 33 . "\(\" NA
‘,ﬂﬁ,‘lzz 1878 20 \ o NA
NA = not available BRI 3

¥ k3
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&{i

"(LC-55-09.

F{gures Zi(aj-(d) form a typical record of‘a Tong term laminar flow
test, test"CLC?SS-IO. ‘In Figure Zi(a), the friotion tactor decreases
:steadily throughout the course of the test, This is fof%owed by a sharp
"1ncrease in the fr1ct1on factors and an accompanying increase in the
system temperature, Figure 21(b), and current requ1rements of the D.C.
"motor, Figure Zl(o). Again, viscositylmeasurement§~ygrq'oo 1onger
possible after the'sharp charige in system variables. . 0{1‘concehtration
decreases throughout the course of the test Figure 21( ). Table 7
g1ves the v1scos1ty of the emu]sf@n as a funct1on of d1stance trave]]ed

V1scos1ty drops stead11y throughout the test. These trends were a1so

T
: o
‘1‘_‘ A

Tests CLC-45-11 and CLC-55-12 were both donevat %gry hwgh f16w rate§
Figures 22(~)-(c) form the record of teet CLC-45-11, <Table 8 g1ves the
“viscosity of ‘the emulsion as a Junctjon of distance travelled. The | v
systenm is'extreme1y steady for more then 10}000vkm, whfch‘correspondslto
more than 14 days of continuous running. The test was termihatedvatjthis
point. There age essentta]]y no chdnges jn the values of friction

\ .
fagtor, Figure 22(3 , temperature, Figure 22(b ) or0il concentration,

Figure 22(c), observ d. V1scos1ty measurements were possible thqéilhout
§

R i W
th% course of the tést and the value fo- viscosity remained essent1a11y

Tests CLC-55-11 and CLC-45-08 did not follow the general trends
. . . N
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Table 7: The variation of emulsion viscosity with distance traveiled for test CLC-55-10

u

Sample Distance , il E{muISson
No km Concentration Viscosity
. (Wt.9%) (cp @ °C)
2 0 50 200 @ 127
3 41 50 222 117
4 58 50 2152 11.9
5 99 50 204 7 11.8
6 116 51 19.7 @ 119
7 157 51 19.5@ 11.0
8 189 50 ‘ 19.02 113
9 - 215 53 . ‘ 185@ 9.7
10 246 . 51 16.9 @ 10.8
il ’ 273 _ 49 16.9 @ 10.3
12 289 49 148 @ 11.5
13 Se332 49 ) =
14 : 347: - - 49 ‘
15 - -388 47 ‘ 1424 114
16 406 . 48
17 . 449 - 43

18 " 483
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Table 8 The vanation of emulsion viscosity with distance travelied for test CLC-45-11

Sample Distance Ol Emulsion

NoO. km Concentration Viscosity

(wt.%0) (cp @ °C)

2 0 42 83 i 240

3 600 42 6.7 i 26.8

4 794 43 70 @ 270

5 1380 42 70 @ 26.4

6 2160 42 70 @ 254

7 ' 2930 43 6.9 @ 253

8 3110 42 7.1 @ 251

9 3710 . 43 70 @ 253

10 4504 43 77 @ 251
" - 5250 43

12 5090 43 75 u 247

13 »930 43 70 @ 249

14 7970 42 6.7 @ 24.9

15 8420 42 727 250

18 92C0 43 7.2 7 2541

17 9380 42 72 @ 250

76 @ 250

44
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estab]?;hed above, Figureé 23(a)-(d) form the record of test CLC-55-11..
Cafculation of the‘initial Reynolds number (1500) indicates this test
should be in the laminar F1ow reqime. As expected, the friction fagtor

Fdedrea;es for some time but then becomes extremenly erratic, jumping
hetween.two 1evels; Figure 23(a). The temperature remains fairly .

\Steédy,gfigure 23(b), as does the current requirement of the motor, -

Figﬁfé 23(d), during this time. This was taken as an indication that

the teét was running in the transition zone between 15minar and ;

tLrbu]ent'" >f1ow. The test was considered complete when the emutsion !
temperature shot up,despité constant ccoling water temperature and ‘e
flowrate. As well the current drawn by the D.C. motor increased at thi%,wg

time, Figure 23(c). Table 9 gives the emulsion viscosity as a functiqﬂ$§
v :

- . ) ‘&
of the didggnce travelled. Viscosity dropped steadily throughbut the

: Figure§ 24(a)-(d) form the record of test CLC-45-08. Agéin the initié1
Reynolds nuﬁﬁgé’(ISOO) indicates the test.should be in laminar flow,
The fricfioﬁ:factor however, 1ncréases after the beginning of the run to
remain,gtéaqy‘for the rest Bf fhe test, Fidﬁre ?24(a). The test ends in

~ the manner typtcal «of a turbulent flow test’ This was taken as an

indication that the test had gone frof the laminar to turbulent flow
regimes and remained in the turbulent flow regime until the test was
completed. Table 10 gives the viscosity of the emulsion as a flinction

of the distance travelled. Viscosity drobped steadily during the gest.

\ .' . . . §;‘
Fiqure 25 compares a section of ‘the pipe after a run withfa clean piece
.7 : ) % s .
- of pipe. Deposition on the pipe walls of either oil or water-in-o0il

. i)

1
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Table 9: The variation of 'emulsion viscosity with distance travelled for test CLC-55-11

. - Oil Emulsion
Sar\:r;ple Dlii;nce Concentration Viscosity
o - (wt.%) “{cp @ °Cy
2 0 49 =~ 209 @ 12.0
3 80" 49 | 216 @ 129
4 112 50 216 @ 122 .
5 187 - v © 49 185 @ 12.7
6 243 47 176 @ 14.6
7 332 48 17.8 @ 14.6
8 . ..407 48 17.4 @ 10.5
-9 48
10 522 49
11 562 . 48
12 636 a7
13 749 12
14 18 -



Run Number CLC-45-08 - - /-

i
|
|

Fricuon Factor (F = DAP/2Lvey)
o -
<
53

A<}

Temperature (°C)

Ol Concentsatton (o)

.

Current (amps)

Figure 24: Record of tes;~',C:LG-451()’B ‘
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Table 10: The variation of emulsion viscosity with distance Mﬁ\?elled for test CLC-45

Sample
No.

— G-

-
QUOUOMNOONHAWN

11

13
14
15

P2

PR | NS

Distance
km

~

0
37
68
" 96
125
152
182
¢ 213
225
266
283
321
341

A

!

-

-08
Oil Emulsion
Concentration Viscosity
(wt.%) (cp @ °C)
a3 ¢ 104 5 124
41 101 @ 120 -
42 101 @ 12.7
41 99 @ 11.5
40 9.2 @ 127
39 ¥ 90 @ 11.6
40 9.7 @ 125
39 9.0 117 =
39 ~ 94@ 118
39 85 @ 11.8°
37 75@ 126
37 7.4.@ 12.6
- 36 ° 75 @ 14.3

v

76 «
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emulsion is obvious. This observatton is consistent with the observed
decrease in‘ot] concentration throoghout the course of each test. 0il
eoncentration typicaliy fell about ;’g’thr‘t)u'gh the course of a test‘"

o | B | ' ‘\ B <
\Repeatability of the long term tests is shonn‘in Fiqurés 26(a)-(c§ by
comparing the results of three long term testsunder the same ' T
conditions }est CLC 45 06 was. not comp1eted because the motor used to
turn ¢he pump began to overheat after about 320 km and could no 1onger
turn the pump‘at constant speed. 0verheat1ng of the motor reflects an
increase in the energy required to ma1nta1n a constant flow rate 1n the
system and indicates the end of a test is near. The 1arge scatter in
the pres5ure data dur1ng this test was cons1dereb unacceptable and ('
changes to the system were made before the next test was begun. Test
CLC-45-07 was terminated when a reduction -gearbox failed. Test
CLC-85-08 was the successfully completed test, All'three tests show the
same fr1ct10n factor- d1stance behav1ouz Tests CLC-45-06 and CLC-45-08
k'compare well in the d1stance g;ave11ed to emulsion breakdown., Thus |

repeatabi]ity of the Tong term tests.appears to be acceptable.

Based on the test results, a critical distance ts defined. for each
emulsion as the distance an emu]sion travels under/reasonab1y steady
conditions before exhibiting the changes characteristic ot‘an emulsion
breakdown. Table 11 summarizes tpe/resolts of 511 the tests
successfully completed giving the distance trave11ed in kilometers to

emulsion breakdown and the shear rate present.

Ptodupts cannot be transported in a conventiona]%pipe]ine without being
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Table 11: Summary of distance travell

o .

0

dd to emulsion breakdown for the long

;

term pumping tests successfully compieted

She R;t?_—'— Distance Travelled
. Test Name 1) to Emulsion
‘ N Breakdown (km)
. CLC-45-10 130 , 310
1) ' ‘, . . '
c . y
58  CLC-45-08 250 *340
c 3
EE CLC-45-09 720 1850
Z u: . S
S - CLC-45-05 2300 1840
<
CLC-45-11 3400 > 10000
CLC-55-13 ° 130 200
" ‘
_§ cLe-55-10 250 ieo
P w 2
€ g2 CLC-55-11 500 Am600
E &
Z £ CLC55-09 2300 } 850
0 )

CLC-55-12

3400

> 10000

80
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~

‘-
subjected to shearing forces. The value of shgar rate at the'wall of
the pipe is gfyen asz*v)D and thjis was the shear rate used to correlate
the }esults. Thus the distance travelled at a éhear rate of zero would
\be zefo km, F?buré?€7 summarizes the results, from Table 11, of all the

te{}s successfully completed as the variation of distance travelled to

emulsion breakdown with the shear rate '%*v/ﬁ).
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- CHAPTER 4 : DISCUSSION OF RESULTS

*

4,1 Variation of Pressure Drop with Flow Rate

Over the wide range of Qeyno]ds numbers covered, Figures 18 and 19
showed that the agreement hetween the emulsion f e variation and the
f Re variatibn obtaines using a singlifphase Newtonian fluid, was qood,
Friction factofs are consistently 5 to 12% lower than those predicted

, :
based on the neasured physical propertfes of the emulsions, The
deviation from the Newtonia ca11bra{10n curve 1n51cafps that the
emulsion in the pﬁpe11ne d e; not behave as a single phase fluid. This
trend was also noticed by rakin [13] when measured pressure drops for
pseudo-plastic emulsions in the turbulent regime were consistently lower
than those predicted by the Dodge-Metzner equatién. Zakin considered
‘ the deviation to be the result of the viscoelastic nature of the

emulsions. No measurements were made with the emulsions to determine if

they were visco-elastic in nature. ¢

The deviation from the ca‘fbratign curve is higher forlthelnomina11y 559,
emulsions than for the nominally 45% emulsions. In the range of-
eﬁu]sion concentrations tested in this study, the measured physical
properties, including the viscometry data, should give good estimates of
pressure drop in a pipeline. However, should much higher 0il
concengrétions bé used, measured friction factors in a pipeline q;;

o
required.



4.2 fgng Term Pumping Tests

] \\, »
/

i i -~
The long term pumping tests werk undertaken to investigate the stability

of the emulsion during flow in a pipeline, ‘The overall'trend observed
in the long term continuous pumping tests was that the system remained
steady for‘some time, followed by a rapid breakdown in the emulsd&n.
The oil concent;ation decréased stead}ly during the course of a test, as
did the viscosity me&sured for the emulsion. Samples taken a( the end
of test separated rapidly into oil and water Tayers,’indicating )
complete breakdown of the emulsion. This is a result of the coalescence
of the emulsion oil droplets during flow in the pipe1iné.

.
During a typical ]ong term test, as illustrated in Figure 20 hy test
CLC-45-09, emulsion breakdown is readily observed by the simultaneous
change in several of the system variables. Friction factors changed
sharply, at the same time the temperature of the system rose and the
current drawn by the D.C. motor to tﬁrn the pump at constant speed
increased. It was no longer possible to obtain meaningful viscosity
measurements with the viscometer on samples taken from the pipeline,
This was because the shear stress readings at constant shear rate became
erratic due to the presence of large bitument droplets which bridge

between the rotor and the cup of the viscometer,

Figure 28 illustrates the variation in viscosity with concentration for
freshly made Cold Lake crude emulsions together with the emulsion
viscosity measurements made during long term tests CLC-45-10 and

CLG-55-13, These data indicate that the continual decline in viscosity

84
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dur{ng a long téfm'pumping test is related to the decline in oil o
concentration in & manner similar to the fresh emulsion data. Sherman
[32],vshowed that the viscosity of dilute emulsions decmeases with an
increase in particle size as well as with a decrease in concentration,
Visual observatiop of the emulsion droplets in samples taken durinﬁf;
,\}ést did indicate that the oil droplet size was increasing although no

systematic particle size analysis was xarried out., From Figure 28, it

spbears then that prior to breakdown the decrease in emuléionrviscdsgty

was primary due to the decreage in 0il content rather than the change in

the oil droplet size,

The decrease in fricéion factor during the initial part of a long term
test is a reflection of the decrease in the oBserved pressure drop at a
constant flow rate. The density of an emulsion can be aséumed to remdin -
constant during the course of a‘kest as the relative density of the oil
used {s given as_.9994 at 15°C (Table 4). Thus the decrease ih‘préssure\
drop xdue to the observed decrease in emulsion viscosity, a resuit‘ of
the loss of oil from the emuision. The more rapid decrease in friction
factor observed in the laminar flow tests, as opposed to the turbulent
flow tests, is reasonable since friction factor is more sensitive to
Reynolds number in the laminar f1ow regime than in turbulent flow. The
deposition of oil on the walls of the pipe decreases the inner d ameter
of the pipe and at constant mass flow rate, a decrease n inner diameter
should be reflected in an 1ncreasé in pressure drop., As this was not

the case, the reduction in emulsion viscosity was the dominant cause for

the observed reduction in pressure drop.



ol e S 8y
The rentd increase in temperature at the end of a test,‘Fioupé/EO(b), is
seen as a result of two processes. There was tkreductfon'in the heet
transferred to the'cooling water due to coatrng.df the pipe u&l1s with'
,o#? | The 0il coating has a thermal conductivity less than 1/100th of
that of the p}pe. t As wel] the energy added to the system 1ncreased

3

fs1gn1f1cant1y when the emulsion breaks down Figure 20(d).
Emu1s1ons that exh1b1t stab111ty on stand1ng may frequently be broken by
.subJect1ng them to mechan1ca1 fonces such as shearing forces that occur
dur1ng st1rr1ng or in p1pe11ne f]ow Both van de Ven and Mason [267 and
Zelchner and Schowalter {27] stud1ed the effect of simple shear on the
¢oalescence of two droplets For a. g1ven va]ue of surface potent1a1

the rate of shear either enhanced or h1ndered the format1on of doub1ets,
wh1ch is the first step in the coa]escence‘of droplets.. At very high
tshear rates the fornation o%*doub1ets:was found to be~htnoered; This ﬁs
‘jn'quqlitative agreement with the g{hdings of this study as illustrated
in‘Figure 26. At the highest shear.rates investigated emuTsion

breakdown was not observed wh1ch 1n1jfates that coa1escen¢e of the
drop]ets was much h1ndered " The method of making emu1s1ons was not
varled 1n this study, thus the surface propert1es“of the emulsion ~
idrop]ets shou]d be essentlally constant from test to test for a given
R#nom1na1 0il concentrat1on. Shear rate and concentrat1on are therefore

' the variables wh1ch~w411 determ1ne the stability of a particular ’
emuls1on under p1pe11ne f]ow cond1t1ons.v.
In ngure;26, the distence‘traye11ed by an“emulsion\to‘breakdown at low _v

values of shear rate does not appear to he a strong function of.either
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oil concentration or shear rate. All emulsions travelled between 200

and 450 km before breeking down. At intermediate values of shear rate,

the distanee trave1leduﬁy an emulsion ‘appears to be a strong fuhction of
0il concentration but not qf‘shear rate. The nominally 45% emulsions
trave11ed;abogt 1800 km versus ;700 km for the nominally 55% emulsions. .
At very high shear rates, neithef the nominally 45%remulsion‘ﬁon the
nominé]]y 55% emu1s{on had broken down affer 14 days of continuous
pumpfng\()l0,000 km)‘and qt this point both tests were terminated. Thus

“an actual value for‘the critical distance was not estab1%shed.f0r either

nominal o0il concentration, ‘

% ) ) .
Chemical analysis of the components of the emulsion for fons commonly

viesseciated-wih emulsion breaking are presehfed in Tab1e712. Samples of
the heavy oi1-and aqueous ;olution»are analysed 1) before
emulsification,nZ) after emuléificatibn but before a long term pumping
test and 3) after a long term test. The concenfrations of iohs commonly
aesociated with emulsion breaking are not high enough te be the reason

for emulsion breakdown. Consequently, it is believed that the emulsion
breakdown is not chemical in nature, rather it is shear induced. /
\ . ' - ’ , //
: /
1 /

/

The major drawback of a_fixed diameter pipeline loop is the”ihabi1ity to

independently vary the values of Reynolds number, Dvp/u and sheay/rate,

8*v/D. Under actual pibe1ine conditiods;‘the large pipe(diamegers give

. ; o S
rise to high values of Reynolds number at relatively low valyes of shear

o

‘rate for the same 'flow velocities and kinematic viscosities as used in -

this study. Thus it will not be practical to achieve the high values of

" shear rate of this study in a large diameter pipe]fne Apblication._



Table 12: Chemical analysis for ions ccmmonly associated with emulsion breaking

*

Bitumen samples are reported as «g/g bitumen.
Water samples are reported as ug/ml water.

i Na Ca K Mg L, S A Fe Mn

Component phases of

emulsion x . ‘
Initial dried bitumen <36 14 23 NA <49 NA <02 <73 31 <0.2
. Inital aqueous solution 05 705 <0.1 09 <02 <01 0.1 <03 <0.t <01

. aY
CLC-45-08 Initial
composite sample
Dried bitumen 14.7 153 <2.0 N/A <82 N/A <04 <123 0.8 <02
~Agqueous solution 09 300 <01 07 <02 <01 <0.1 <0.3 <0.1 <01

CLC-45-08 Sample taken

after long term test

Dried bitumen , <5.2 240
Aqueous solution 2.4 485

<70 N/A <03 <105 32 <02
1.2% <02 «<0.1 <01 <03 <0;1: <01

-

o
w o
<
>

sn- B Ba & Cu Pb .V ;Ti“."“”':fNi‘

Component phases of
emulsion

Dried bitumen S <07 10 <02 <02 <02 <49 188 1.5 B9 :
Initial aqueous solution <04 <01 <04 <01 <01 <02 <0.1:<01. <01 .
CLC-45-08

Composite sample ‘ RN AT

Dried bitumen <12 <16 <02 <04 1.0 <82 163 <04 54
Agueous solution <01 02 <04 <01 <01 <02 <01 <01 <0,
CLC-45-08 Sample taken

after long term test : '

Dried bitumen <10 <14 <02 <03 07 <68 159 <03 53
Aqueous solution <01 02 <04 <01 <01 <02 <01 <01 <01

N/A = not available | o : ' _&



The choice of a suitable pump must now be re-examined in view of the

\resu]ts in Figure 27. A low shear pump was chosen initially because it
e ,
was felt that excessive shear in the pump would result in the

hediSpersion of the emulsion while passing thrbugh the pump. Figure 27,

however suggests that a low shear in the pump may enhance droplet
coalescence. As the shear rate in the pump is Tower tgan that in the
pipeline, droplet coalescence may be oceurrihg more readily in the
reeircelating test circuit than in an actuatl pipeline. Thus the

stability results from all of the tests are conservative.

90



e CHAPTER & : CONCLUSIONS

The major conclusions that may be drawn from the work dﬁne with the 3/4'

inch diameter pipe]fne Toop are: | |

1) Sfmp]e viscoéity measdarements indicate the suitability of an
emulsion for pipeline transportation Eut do not predict the
stability of an emulsion under pipeline flow,

Zj;Fresh emd]sions‘with concentratioﬁs less than 55% hy weight oil
give friction factor versus Reynolds number behaviour that agrees
well with that predicped hased on the measured physfca] properties
of the emu]sions;

3) The breakdown of an emulsion in the pipeline is c]early indicated
by d1st1nct changes in the system characteristics of pressure
drop,_temperature and power requ1red to turn the pump at constant
speed.

4) The stabj]iﬁy,of the emufsions under pipeline flow is a‘fuathQn
of 0il concentration and shear rate, | |

5) Emulsions are trénsported furthest when the shear rate is highest,.



|
Recommendations for further work include:

1

2)
3)

5)

CHAPTER 6 : RECOMMENDATIONS

r

similar studies involving commercial emulsifiers. In pérticujar,
non—ioﬁic emulsifiers should be investigated because of tﬁeir
ability to:form emulsions with water containing high salt
copcentrations.

the effect of pipe diameter on emu]sion"stabiiity.‘

particle size analysis on samples .taken during a long term
pumping test to enhance the understanding of the kinetics of
droplet coalescence.

the mixing between sequentiéi batches of emﬁ1sion or emulsion and
oil_in a pipeline., This is of significance in a common carkier
pipeline system, |

'

running identical tests with different pumps in the system.

6) more fundamental work studyiﬁg the coalestence of concentrated

emulsions in a simple shear device.
. . 3 ’
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vy APPENDIX A : EMULSION PIPELINING PATENTS

Al

o

o

The pat@nt Viterature dealing with emulsion pipelining was reviewed and
o ' '

the major patents are summarized below, These summacies give the oil
concentration and emulsification agents recommended in the patent, The

/
summaries also note where actual pipeline experiments were conducted.
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APPENDIX B : PROCEDURE FOR DETERMINING THE NIL CONTENT OF EMULSIONS

»

Emulsinon samples were submitted to the 0il Sands Analytical Laboratory
of the Alberta Research Council for analysis of oil content. The method

of analysis, OSRD Method 1.05, is given below.

NSRN METHOD 1,05

OIL SAND DEAN STARK (WITH FILTER PAPER DETERMINATION FOR BITUMEN)

Scope “

This method is a fast and inexpensive analysis for the determination of
the bitumeh, water and solids content of oil sand. This method can
hand1é samples containing larger amounts of 1ight hydrocarbons, but it
s not suitable for samples rich in clay fractions. 40 - 140 g of oil
sand are required for optimal analysis.

Summary

The sample is separated into bitumen, water and solids by refluxing with
toluene in a Modified Dean Stark Extractor. fondensed solvent extracts
the bitumen and water from the solids. The water azeotropically
distills with the toluene and collects in the Dean Stark trap. The
water and toluene are then separated on phase separating filter paper,
and the water is determined gravimeérica11y. The solids in the %himb1e
are oven dried and dete}mined gravimetrically. The toluene-bitumen
bottoms are transferred into a volumetric flask and made up to volume.
An'ah'quot is taken and is evaporated on a @ass fiber filter paper. )
The bitumen is determined gravimetrically.

Safety Considerations

Toluene : moderately toxic by skin absorption and inhalation. Possesses
_ ‘g
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irritant and anesthetic properties. Highly flammable.

Apparatus

Figure B-1 shows the assembled apparatus. The condenser is an Allihn
condenser 30 centimeters long, 4 centimeters in diameter with a 24740

standard taper bottom joint protected by a Teflon sleeve,

Figure B-2 shows a detdiled drawing of the flask. .The flask is a 1000
milliliter round bottom flask with a 270 millimeter long neck and a
55/50 standard taper female joint,

: 4
Figure B-3 shows a detailed drawing of the still head. The still head
is a combination of an adaptor and a water trap. It consists of a 55/50
standard taper ma]e‘joint protected by a Teflon sleeve, a 24/40 standard
taper female joint and a 24/40 Teflon stopper, a 74/40 standard taper
female joint and a 30 millimeter glass side arm which terminates in a

%

Teflon Stopcock.

The neck of the flask and the %op =f th still head are insulated with 3
millimeter (1/8 inch) thick by 25 millimeter (1 inch) wide fiberglass
" tape. ’ '

Figure B-4 shows a detailed drawing of the thimble basket. The thimble

basket is made from two aluminum wires and holds the extraction thimble.
iy

Figure B-5 is a detailed drawing of the solvent distributor. The

aluminum solvent distributor and locking ring hold the thimble basket in

place. ' |

Other equipment required for this procedure include :
1) 1000 milliliter, 335 watt heating mantle :
) 0 to 120 volt output, 10 ampere vq}iab]e transformer
3) 600 milliliter beaker graduated/;EJSO milliliter increments
4) 75 millimeter diameter stemless powder funnel
5) funnel support for beaker
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Figure B-1 : The modified Dean Stark extraction apparatus.
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Py

102
“.
Ed
T 247408 o -4
: 24408
‘ o
[¥e]
s’ ~
’ i
0 —
~N
ol
ol
<
- .
e N DAL
i
- it
S |
/ ; Et

ﬁigure B-3 : The Dean Stark side arm and still head.
i e ”



CONDENSATE
“~L~ DISTRIBUTOR

’/L//SUPFORT

130

Figure £-4 : The basket support aséemb1y.
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SECTION B-th
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and distributnr holding: hook. ‘ .=
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water bottle with a 70 by 25 millimeter snap cap vial

1200 gram capac1ty top 1oad1ng balance readable to +(0 N1 gram
500 millimeter vollumetric flask ' -

5 millimeter pipet with bulb ' .

10 milliliter glass luer-lok tip syringe

25 milliliter Erlenmeyer f1ask with ground glass top fitted
with ground glass stopper

100 millimeter diameter, 10 millimeter deep Petri dishes

a drying rack consisting of a horizontal rod suspended between
two retort ‘stands approximately 1 meter apart. Tén 20

millimeter fold back clips are hung on the rod.

Materials and reagénts required for this prdceedure are ':

1)

> W

and 5

The extragtibn’apparatus 550u1d be set up in a fume hood suitable for

Whatman .43 by 123 millimeter ce]]u]ose extraction thimbles,
single thitkness, oven dried at 105°C, cooled and stored in a

“"desiccator.

whatman'IPS 15.0 centimeter diameter phase:separating paper
500 milliliters technical grade toluene

’15 centimeter diameter Reeve Angel glass fiber f11ter paper
). 45 micron by 25 millimeter diameter disposable Millipore
Millex filter_ assemblies. |

G

~exhausting solvent vapours.
it ) . ! S—

g

o w

Procedure e s , : /
rrocedure «

=4

1) Tdrnvon the fume hood and the condenser water. Place 400

milliliters of toluene in the round bottom f]égk;— R

\

2) Weigh the'extracﬂion thimble to the nearest 0.01 gram, Transfer 100

th 140 gram§~of 0il sand into the thimble and reweigh to the nearest

 0.01.gram. Take care that no 0il sand sticks to the outside of the

thimble, - 2
- . o

Y

.

”3y'Immediéte1y place the thimble in the wi#e basket, attach the



_ , 118
distributor and suspend from the baftom of the still head., Fill the'
side arm with to]uene.' Assemble the apparatus as shown in Figure ‘
B-1, ensuring all the connections are vapour tight,

Turn on the variable transformer, set to 90, and reflux for two
hours or until all the water has distilled over and the toluene =

dripping from the thimble is clear.

‘Weigh the water collected to the nearest 0.01 gram.

Open the stopcock and drain the water and toluene from the Nean

Stark trap onto the phdse separating paper. Close the stopcock.'
Transfer the water to the water bottle as soon as the toluene has
filtered off. Open up the filter paper and collect al?\the small

| ﬁrops. Do not a11ow the water to sit on the filter paper for more

10)

11)

12)

than 30 seconds.

“Open the stopcock and distill off 250 milliliters of the toluene

1nto the graduated 600 m111111ter beaker.

Turn off the transformer and allow the flask to coo] for
approx1mate1y 30 minutes.

Reweigh the water bottle to the nearest 0.01 gfam,

Disassemb]e the apparatus.. -Remove the thimble 'the basket and
dry it overnight at 90°C in the oven. Cool the mble and reweigh
it to the nearest 0.0l gram, 7%§E

Dry the glass fiber filters by placing an open box of filter in an
oven at 110°C for 1 hour. Cool them in a desiccator. Number the

filters and weigh to the nearest 0.00001 gram.

Quantitatively transfer the toluene-bitumen bottoms from the 1000
milliliter flask to the 500 milliliter volumetric flask and dilute
to volume. '
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52

13) Rinse a 10‘mi11i11tef syringe with the sample extract. Withdraw
“approximately 7 milliliters of the extract and attach a 0.45 micron
Millipore Millex Filter assembly to the 10’mi11i1iter syringe.
Filter the extract inty a 25 milliliter Erlenmeyer flask, Stopper
the flask if the solution aliquot is not to be taken immediately.
Rinse the 5 milliliter transfer pipet with the extract solution.
Support a weighed glass fiber filter on a Petri dish. Pipet a 5
milliliter aliquot of the solution onto the filter by continuously
- moving the pipet to d1sperse the extract evenly on the filter
surface. Hang the filter from the drying rack to evaporate the
Solvgnt, The time required to dry the filter is critical and is
se]ectéd/using,a so]utién of known bitumen concentration. 5
g milliliter aliquots are applied to filters and these are weighed at
: varying times. The time which gives the correct bituPen.weight is
selected for sample analysis. The drying time is abBut 20 minutes
and need only _he determined for the particular laboratory conditions
in use. Reweigh the filter paper to the nearest 0.00001 gram.

Ca]cu]ations

9 w

The bitumen, water and solids content of the the oil .sand are given by :

;’\\

Weight bitumen = (weight bitumen on filter paper)*500ml/5ml

% bitumen = (weight bitumen / weight oil sand)*100
. ) e ’

% water = (corrected weight water / weight oil séﬁd)*lOO

where the corrected weight of water = (weight, water*A)+B, where A
and B are the slope and intercept of the equation generated from a
calibration procedure;‘ Known weights of water qdded to the
“extractors are-plotted agéinst‘the weights of water recovered by
extraction under conditions identical to thbée used in a regular

extraction of 0il sand. The water correction factor may change due
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to factors relating to the efficiency of the condensers used in the
apparatus. A=1.003+0.001, B=0.090+.00%’

% solids = (we}ght solids / weight oil sand)*100

% dfscfepancy = 100 - % bitumen - % water - % solids.
Precision
Typical values for the precision of an oil sand determinatioﬁ are
tabulated be]ow: These data were derived from 6 replicate analyses

performed by a technologist on a sample of Cold Lake oil sand.

NSRD OSRD

Method ( Met hod
) 1.05 1.00
% bitumen X 10.14 , 9.16
| S 0,10 0.13
RSD 0.98% 1.41%
% water X 7.25 7.3
| S 0.27 0.28
z RSD 3.74% 3.84%
% solids . X 82.80 82.80
' S 0.09 0.09
RSD 0.10% 0.11%
Q@
% discrepancy’ X -0.24 0.67

S 0.16 0.11
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Sources of Error

Bitumen

Too

Low .
The heat was too high or the water flow was too low in the

.condenser. The solvent front was condensing above the second bulb

of the condenser. Light ends of the bitumen may be-1bst.

Incomplete extraction. The sand and thimble should be clean if the
extraction is complete. A dark thimble and/or sand hay indicate
incomplete extraction. |

The bottoms boiled dry., Part of the bitumen.créckee and distilled
off. The bitumen will be baked onto the flask.,

The joints of the extraction apparatus were not vapour tight
allowing vapour loss. ‘ '

Poor volumetric technique,

"~ The fj]ter paber was dried too lbng before weighing.

Spillage. -

High
The flask was not cleaned from the previous extraction,

The bitumen was ineg}ficiently dried.

The extract in the 25 milliliter Erlenmeyer evaporated hefore the
aliquot was taken. '
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Water

Too
1)

2)

Low

The heat was too high in the condenser, The solvent front was
condensing above the second bu]b of the condenser and water vapour
was lost though the condenser, \ .

2) The thimble was not immediate]} set up in the extractor, or the
condenser water was not on when the thimble was placed in the
extractor, Water evaporated from the oil sand sample.

. 3) The joints of‘the extraction apparatus were not vapour tight
allowing vapour loss. '

4) The side arm and condenser were dirty. Water drops may remain stuck
to the side of the glass.

5) The water was left too long on the filter paper. Water losses due
to evaporation and absorption occurred.

. 6) Spillage.
Too High ‘ _

1) Water was present in the toluene., This often occurs when the
toluene is taken from the bottom of a barrel or solvent can,

2) The thimble was improperly dried.

Solids
Too Low
1) Solids bumped over the top of the thimble. Particles of solids may

be visible in the bottom of the volumetric if this occurred,

The thimble was improper1y dried before use.
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The 0il sand contains large quantities of clay which have passed

into the bitumen.
Spillage,

High
The thimble was improperly dried after extraction,

Inc0mp1ete extraction. The sand and thimble shdu]d be clean if the
extracion is complete. A dark thimble and/or sand may indicate

incomplete extraction.
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APPENDIX C : SUMMARY OF RESULTS FROM THE EMULSION SCREENING PROGRAM

The objectives of the emulsion screening program were to find an
emulsion suitable for the pipeline experiments and to establish a method
for making large batches of emulsion. Emulsion formﬁiation followed
that described by Kessick and St.Denis in 1.S. patent 4343323 [14].

Stability was based on changes observed in the viscosity of fresh
emulsions, and where possible aged emulsions, with time at constant
shear rate in the viscometer. In Tables C-1 and C-2, this information
is recorded as:

1) ni = viscosity of emulsion as soon as possible after being placed
in the viscometer,
2) nt = viscosity of the emulsion after t minutes of beﬁng sheared in
the viscometer at a measuring head speed of 512 min~!l
3) other noticeable changes to the emulsion.
‘ »
Table C-1 éontains the results for the 40 and 55%’by weight oil-in-water
emulsions ma&eAQith the Cold Lake crude. Tests were not conducted for
. every cpmbinati%ﬁ of oil cOncedtration,,emu]sion formulation énd
‘emulsification eqﬁipment. Rather promising emulsions were iﬁvestigated
further and poor emulsions were abandoned. Table C-2 contains the

results for the emuls{qns made with the dewatered bitumen.

3
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Table C-1: Summary of screening test results tor Cold Lake crude emulsions

Emulsion Formulation: Cold Lake Crude with 0.1% NaOH aqueous solution

Emulsification Method

Wt‘l% Paint Stirrer Homogenizer
Emulsion; CLC-40-01 No emulsion was made
40 fresh: i =60 3 =58 273 = 7.0
23 hrs: n = 6.3 47 = 66 168 = 7.8
Emulsion; CLC-55-05 Emulsion: CLC-55-6 (fresh sample measure-
55 fresh: ni-= 158 59 = 28.4 ment not possible)
Viscosity increased quickly dunng the 27 hrs: g = 22.9 59 = 29.6
first 30 minutes and was still increasing pmimmum = 28.0 @ 28 minutes
after 60 minutes. After standing over- 50 hrs: gt = 32.0 56 = 30.1 )
night, 3 tests were done. Both samples exhibited the same viSCOSIty
i) ni = 35.7 457 = 46.3 behaviour with time after 30 minutes.
i) gi = 368 456 = 409 Emulsion: CLC-55-08 (long term standing
ii) o = 382 n56 = 53.2 test) .
The repeatability was poor after 30 age (hrs): 5 7 24 48 72 96
minutes ' n - +17.3 183 22.0 276 314 330
160 26.2 27.9° 29.7 31.4 38.4

*t = 50 minutes

e

Emulsion Formulation: Cold Lake Crude with 0.1% NaOH and 0.029+ Na,5,;04 aqueous solution

Emulsification Method

V:;”% Paint Stirrer . Homogenizer
Emulsion: CLC-40-02 No emulsion was made
40 . fresh: i = 6.0 nl =58 71 =75
21 hrs: i = 6.4 73 =66 70 = 8.1
Emuision: CLC-55-03 CLC-55-07
55 fresh: some difficulty with temperature Emulsion was made but no viscosity
control in viscometer. work was done with this sample. -

fresh: ni = 168 133 = 21.5

Emulsion: CLC-55-04
fresh: ni = 16.7 132 = 232 289 = 34.2
The increase n viscosity with time was

linear. Viscosity was still increasing after
90 minutes. Good agreement in viscosity
pehaviour between the two samples.

~
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Table C-2: Summary of screening test results for dewatered bitumen emulsions

Emulsion Formulation: Dewatered Bitumen with 0.1% NaOH ﬁb!,uous solution

Emulémciatlon Method

0, . ,
Wt % paint Stirrer

Homogenizer

oil
Emulsaon DWB 40- 01 Emulsion: DWB-40-02 .

40 fresh: i = 11.2 3 = 88 60 = Flow curves were generated using RV3 vis-
Sample stiffened overnight and no cometer and appeared to be Newtonian.
further measurements were:taken. The viscosity versus time behaviour was not

studied. Sample inverted after 2 days.
Emulsion: DWB-55-01 Emulsion: DWB-55-02

55  fresh: The fresh sample gave very steady Flow curves were generated using RV3 vis-
viscosity readings with aimost no increase cometer and the fresh sample appeared to
for the first 60 minutes. be Newtonian. The 1 hour old sample dis-
fresh: ni = 48.4 n3 = 38.7 ,60 = 40.0 played severe hysteresis and had twice the
1 hour: The sample had stiffened but-was viscosity of the fresh sample. The sample
redispersed by stirring at 330 rpm for inverted after 6 hours {would not disperse
12 minutes. Readings were made at in water). A
measuring head speed of n = 64 rpm.

i = 221 520 = 149 458 = 162;
Emulsion Formulatxon Dewatered Bitumen with 0.1% NaOH and 0.02% Na,S,0,
aqueous solution
Emulsification Method

“g”% Paint Stirrer Homogenizer
Emulsion: DWB-40-03 (sample spill during
preparation) No emulision was made

40 fresh: =96 n2 =90 369 = 116 '

20 hours: i = 51.5 7,3 = 35.1 456 = 265"
23 hours: i = 50.8 n3 = 36.6 460 = 27.2
44 hours: ni = 94.1 i = 54.5 461 = 33.4°
measuring head speed: n = 256 rpm
Emulsion: DWB-40-04 (repeat sample)
fresh: ni = 94 n2 = 85
761 = 11.8
Agreement between fresh samples is good.
Emulsion: DWB-55-03 ,
55 fresh: ni = 41.8 2 = 35.3 161 = 52.3 »82 = 56.2 No emulsion was made



APPENNIX N : EMULSION FLOW DATA

Emulsion pipeTine flow data was collected on nine nominally 45%
emulsions (CLC-45-03 though CLC-45711) and five nominally 55% emulsions
(CLC-55-09 through CLC-55-13). A brief description of the tests |
performed with gach emulsion batch and the conditions present in the
pipeline system during each test are given below. The data that were
collected are presented graphically as: '
(1) the variation of friction factor with Reynolds number
) the variation ofbfriction factor with distance travelled
) the variation of temperature with distance trave]]ed
) the variation of emulsion 0il concentration with distance
travelled
and (5) the vériation of current drawn by the D.C. motor with distance
' travelled (where possible).

For each long term pumping test the viscosity and oil concentration of
the emulsion are tabulated as functions of the distance travelled.
The order in which the tests were done is : CLC-45-03, CLC-45-04,
CLC-45-05, CLC-55-09, CLC-45-06, CLC-45-07, CLC-45-08, CLC-55-10,
CLC-45-09, CLC-55-11, CLC-45-10, CLC-45-11, CLC-55-12, CLC-55-13,

127 at
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Emulsion : CLC-45-03

Description : This emulsion was used in a series of tests to estahlish
the friction factor-Reynolds number behaviour of fresh emulsions, These
tests established convenient operating, sampling and cleaning proceduh?s
for the emulsion flow experiments. The agreement between tests, despite
changes in viscosity and temperature, established the validity of the
Newtonian flow models used. ¢

.

Table D-1: Conditions for tests with emulsion CLC-45-03.

Test No, 1 to 3 Test No., 4
Flow Rate (kg/min) 86 to 160 64 to 88 .
velocity (m/s) . 4,1 to 7.5 3.0 to 4.2
Shear Rate (s71) 1500 to 2800 1100 to 1600
Reynolds Number 9,000 to 18,000 6,000 to 9,000
‘Temperature (°C) 20 or 25 18 to 28

4
1

Emulsion : CLC-45-04

Déscrigtion : This emulsion was used in a series of tests to establish
the friction facter-Reynoldig

agreement.in flow behavioyr Wlcen different batches of amulsion.
Operating proceedires for Jiiim

Tahle D-2: Conditions for tests-with emulsion CLC-45-N4,

Test No. Test No. Test No.

1,2,6 & 7 344 9
Flow Rate (kg/min) 83 to 160 83 to 160 85 to 163
Velocity (m/s) 3.9 to 7.5 3.9 to 7.5 4.0 to 7.7
Shear Rate (s71) 1400 to 2800 1400 to 2800 1400 to 3000
Reynolds Number 3,000 to 13,000 6,000 to 14,000 9,000 to 18,000
Temperature (°C) about 20 9 to 12 11 to 20

Observations : Figure D-1 shows the results of friction factor-Reynolds °
number tests done with two 4ifferent emulsion batches. The agreement
between the tests is good.
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In'strument' Calibratiog
Flow Meter - 0-14'00 kg/min .«
Pressure Transducers 0-150 kPa '
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Emulsion : CLC-45-05

Description : Two tests were performed with this emulsion. Test

number 1 investigated the friction factor-Reynolds:number flow behaviour
of the fresh emulsion over the same flow rate range as the tests with
emulsions CLC-45-03 and CLC-45-04, The temperature during test number 1
was 10°C. Test number 2 was the first 1ong~term test at constant flow

rate,
Table D-3: Conditions for tests us1ng emuls1on CLC- 45 05.
T ' ’ Test No. ¥ Test No. 2
‘Flow Rate (kg/min) 88 to 160 ‘ 125
Velocity (m/s) 4.2 to 7.5 6
Shear Rate (s71) ‘ 1600 to 2800 - 2300
Reynolds Number 8,200 to 15,200 11,500 (initially)
Temperature (°C) ’ 10 10 ‘
“Initial Emulsion
Viscosity - : 11 mPas @ 10°C
0il Concentration ¥ 45 wtY
Observations : Figure D-2 shows the results from the friction .

factor Reyno1ds number test test number:1. ‘These data lie within 4% of
the calibration 11ne for the Newtonian oil and agree well with the data
from previous tests with different emulsion batches, F1gure D-1. Figures
D-3 and D-4 show the results from-test number 2, fhe long term flow
- test.. After pn@gressing smoothly forﬂmbre than 1700 kilometers,
friction factors decrease rapid]y foTlowed by an increase and second
more stable period, Figure D- 3. This second more stable period is
accompan1ed by an increase in the emulsion temperature of 1n°C, despite
constant cooling water temperature and flow rate. At this time it was
no longer possible to measure the viscosity of samples faken fhon the
system as the shear stress@read1ngs at constant shear rate were errat1c.
Table D-4 shows the steady decrease in. emulsion viscosity and oil
concentration for samples;gaken during the test, The test -was
terminated when the system variables were,no”1onger changing.

w2

. - . . ‘ 'VQ : s ) . .‘ l’y(f’- ’v,“’ oS
Time/DistancegRravelled ¢+ 85 h/ 1840 km
- ¥ S

[
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Instrument Calibration :
Flow Meter 0 to 400 kg/min
Pressure Transducers 4 N'to 150 kPa

Table D4 : 0i1 concentration and emulsion viscosity as functions of
real time and distance travelled for the long term test with emulsion
CLC-45-05.

SAMPLE we TIME DISTANCE 0IL EMULSTON
NO. DAY  TIME  CUM.HRS KM CONCENTRATION VISCOSITY
- (wt%) (mPas A °C)
f

1 0 24:00 0.0 0. 45, 11.0 ® 10.0
2 1+ 08:N0 8.0 173 45 10,58 9,9
3 1 I1:30 1.5 - 248 .45 10.6 @ 9.8
4 1 15:30° .15.5 335 44 0.1 9.7
5 1 21:00, 21,0, 454 44 10.3 @ 9,8
6 2 -09:00 N\ 33.Brergn 713 44 10.5 @ 9.6
7 2 13:00 . Y 799 44 10.0 @ 9,2
8 2 21:30 983 45 9.8 @ 10.3
9 3 08:00 56.0 Y1210 . 41 8.0M 9.3
10 3 15:30 63.5 1372 40 7.8@ 9,9
11 3 21:00 69.0 1490 41 7.9 8 9.8
12 4 09:00 81.0 1750 40 N/A
13 4 16:00 88.0 1900 42 N/A™
14 5 16:30 112.5 2430 37 N/ A
15 5 24:00 . 120.0 2590 37 . N/A
16 6 17:30  137.5 2970 37 N/A .
17 175.0 3780 5 38 NA

N/A = not available -



133

*
. "G0-Gp-D1D 10§ 18dwinu Splouker Yim J01oe) UONOIHyP UONBUBA BYL  2-Q ainby4

("/9aq = ey) JaquinN spioudey

00062 000'0¢ 000'04 000'S 000’
- # - 9000

i %
o

. : : £00°0
v, ﬁ.\u,bu ) .

/ J
‘ - " 2]
¢ N W g
/ Wy 3

13 ss . md
. 94.’. t 1 o

’ - —

..?«. e e}

S &1 — 8000 —

:.ao. - .w. -

/ ::J o ) | "

- / ' . . . ! o
Y L

/ . 5

11O UBIUOIMBN 10} 8AIND UOHEBIGIED 1Y / . W

. ) 3

- . : , // 600 0
P N ;
‘ ; 0100

S0-6¥-0710 HequinNuny _ . 1.

t10°0



134

[}

(wy) mo%mum_o

Gi

0c

4

¥00'0
5000
9000
2000

8000

6000

(wy) souelsig .
000'€ 005'2 0002 005'1 000t 005 0
5 [ S R ] ;
'
e i ] S L
w? (N
....\‘.....x.. M :.famli;!liil | e o
RN YRR N
\.f.. .\.}. A .(1‘. .

——- G0-S¥-01D equinNN UNY — — -

0100

(9:A12/dvA = J-) 101084 L0114

'50-GH-010 O} POIjeALI] 8oUBISIP UM einjeadwel pue JO19B) LONOL) JO UolelLeA 8UL €~ 8.nBid

(Do) aimesadwe|



135

e

|97
/
- ./\\,/,~

,,,,(\t,/ z

I

' -

(wy) @ouelsIq .
M 000'¢ o 0001 T 0
PR \i!gv - - — S - .‘ R et — — RS vl‘,..|;|‘14|||g Oﬂ

o
USRS SR, - e - - [ o
(o]
* . >
O
T
=~ = 1 Lo S 4 - Fo——- - —1 Qb w
» ’ )
¢’ =
o o]
) . . LI A + ) o}
- GO-GP-D1D UBqUINN YNy : AR IR o bl =

s

1p-q 84nbi4

.



136
Emulsion : CLC-45-06

Description : The tésts performed with this emulsion were the first
laminar flow rate tests attempted. The desired Reynolds number was
1500. The effect of changing the flow regime on the distance the
emul;ion would remain stable was of interest. NDecreasing the flow rate
also decreases the shear rate,

Table D-5: Conditions for tests with emulsion CLC-45-06,

Test No. 1 ~ Test No. 2

Flow Rate (kg/min) , 5.8 to 38 - 14

Velocity (m/s) .27 to 1.8 " .67

Shear Rate (s71) 100 to 680 250

Reynolds Number , 570 to 3700 1500 '
Temperature (°C) ' 14 to 15 12

Initial Emulsion ' N

Viscosity : 11 mPas 9 10.0°C

0i1 Concentration 42 wt%

*

Observations : Figure N-5 shows that the data from test number 1 are

extremely scattered and not acceptable for coﬁparison with the ,
calibration Tine f=16/Re. Flow rate and discharge‘bressure from the
pump were not steady enough to obtain good flow data during this test.
Figures D-6, D-7 and D-8 show the rééu]ts;from the long term flow test.
The friction factor data are very scattered for this test as well, The
test was terminated after 320 kilometers (270 hours) because the
1/2 H.P. motor turning theAgump‘begaﬂ to overheat and the desired flow
rate could not be maintaifed, Table D-6 shows the change in emulsion
viscosity and oil concentration for samples taken during the test.
Instrument Calibration

Flow Meter 0 to 45 kg/min

Pressure Transducers 0 to 10 kPa
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Table D-6: 0il concentration and emulsion viscosity as functions of ‘real
time and distance travelled during the long term test with emulsion
CLC-45-06.

SAMPLE T IME NDISTANCE 01L EMULSTON

NO. " DAY  TIME  CUM.HRS KM CONCENTRATION VISCOSITY

‘ (wt %) (mPas A °C)

1 0 16:30 0.0 0 , S 42 10,4 4 14,2

2 1 09:00 16.5 39 . 43 10,0 8 12.7

3 1 13:30 21.9 50 4?2 10.8 A 12,2

4 1 16:00  23.5 56 a? 10,0 A 12,9

5 2 09:00 40.5 96 41 10.3 A 11.6

6 2 13:00 45.0 107 41 . 11,5 A 12.4

7 2 16:00 47.5 113 RV 10.5 A 12.4

8 3 09:00 64.5 153 39 9,50 11.7

9 3 14:30 70.0 166 41 9,0 A 11.9

10 4  15:30 95.5 2271 38 8.6 0 11.6

11 4 22:00 102.0 242 36 8.5 4 11.3.
12 5 09:30 113.5 270 , 34 N/A

“" 13 SAMPLE TAKEN FROM UNCIRCULATED BUCKET ‘ 40

N/A = not available
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Emulsion : CLC-45-07

‘Description : These tests were repetitions of the tests performed with

emulsion CLC-45-06, ~Steady flow rates ;nd discharge pressures from the
pump were achieved by adding a second accumulator to the pipeline test

loop. The 1/2 horsepower motor was repltaced with a 1 horsepower motor

to provide the increased power required at the end of a long term test.
Dampening on pressure transducers and the flow meter were increased by

increasing the time constant om both to about 1.5 seconds, |

Table N-7: Conditions for tests with emulsion CLC-45-07.

. Test No.l Test No.?

Flow Rate (kg/min) 4.7 TO 36 14

Velocity (m/s) .22 T0 1.7 .67
Shear Rate (s-1) 83 T0O 640 : 250 |
_Reynolds ‘Number . 560 T0O 4300 1700

Temperature (°C) 14 to 15 13 to 15
~Initial Emulsion : i

Viscosity 8.5 mPas 2 14,1°C

Bitumen Concentration 40 wt*,

Observations : Figure D-9 shows the friction factor-Reynolds number data .
lie within 12% oF the calibration line f=16/Re and that the transition
from the laminar to the turbu1ent flow regimes occurs at Re=2200.

Figures D-10, D-11 and D-12 show the data from the long term flow test.
The abrupt end to the test after 190 kilometers is the result of a
reduction gear box failure. The emulsion temperature during the test,
Figure D-11, is higher than the desired 10-12°C because the cooling

water temperature had increasgd ovgr that in prQ%1ous tests, F1gure

n- 11 shows that the friction fa;tor behaviour during this test follows *
the same trend as during the long term test with emulsion CLC-45-06,
Figure D-6.

Instrument Calibration v
Flow Meter 0 to 45 kg/min
Pressure Transducers 0 to 10 kPa
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AT b]e D 8: 0i1 concentration .and emuls1on v1scosity as funct1ens of real
Mme and distance travel]ed during the 1ong term test w1th emylsion

CLC-45-07.
A "
‘ TIME
NOS DAY . TIME:
(CDMPOSITE)
2 . 00 17:30
-3 1 09:30
4 1 16:30
5 2 10:
6 2 16:00
7 3

14

00

:00 ).

N/A = not available’

CUM. RS .

0
0.0

17.0 .-
23. O

40.5

4%6.5
68.5

KM

0,0
ST
a1

.55

98
112
165

CONCENTRATION
(wtr)

)
40
40

40
38
36

L L] .

ZZDm AN
T D DD @M

HHISCOSITY

N/A

14.1

13,4
14,4 -

13.7
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Emulsion : CLC-45-08

Description : These two tests were repetitions of the tests'performed-“
with emulsions CLC-45-05 and CLC;45-07. The broken gearbox was replaced
with a larger unit and a refrigeration system was added to provide

cooling water at a lower temperature.

L2}

Table D-9: Conditions for tests with emulsion CLC-45-08,

' ' Test No.1 ' Test No.?

Flow Rate (kg/min) 7.4 to 27 . 14
velocity (m/s) " .35 to 1.3 .67
Shear Rate (s71) 130 to 450 250

- Reynolds Number 740 to 2700 ' 1500
Temperature (°C) : 12 to 14 12
Initial Emulsion ' :

- Viscosity ‘ 10.4 mPas 0 12.1°C
0i1 Concentration : 43 wt% :

Observations : Figure D-13 shows that the friction factor-Reynolds ‘
number data lie within 10% of the calibration line f=16/Re and that the
transition from laminar to turbulent flow occurs at Re=2200. Figures
D-14, N-15 and D-16 'show the results from the long term flow test. The
frictionlfactor behaviour, Figure D-14, correspohds well with that

observed in the two previous tests, Figure D{6 aqd Figufe nN-11. The
high values for friction factor observed near the end of the test are
the result of reduced flow rates that occurred when the drive belt to
the pump stipped. The simu]tanequs increase in temperature of 5°C,
Figure D-15, and current drawn by the N.C. motor to turn the pump at
constant speed, Figure D-16, as well as the decrease in measured
pfessure'drop, indicated the end of the test. Table D-10 shows the
decrease in ‘emulsion viscosity and oil concentration for samples taken

during the test.

Time/Distance Travelled : 140 h / 340 km




1

Tnstrument Calibration :
Flow Meter 0 to 45 kg/min S et
Pressure Transducers 0 to 10 kPa , '

Table D-10: 0il concentration and emulsion viscosity as functions of _
real time and distance travelled during the long term test with emulsion

CLC-45-08. , . -

SAMPLE TIME NISTANCE 0IL EMULSION

NO. DAY  TIME  CUM,HRS KM CONCENTRATION VISCOSITY

: fwt?) (mPas @ °C)

la 0 0.0 0 44
2 0 17:30 0.0 0 43 10.4 @ 12,1
3 1 09:00 + 15.5 37 41 10.1 @ 12.0
4 1 22:00 28.5 68 42 10,1 @ 12.7
5 2 10:00 40.5 96 ) 41 9.9 @ 11.5
6 - 2 22:00 52.5 125 40 9.2 8 12.7
7 - 3 09:30 64.0 ‘152 39 9.0 RB-11.6
-8 3 22:00-  76.5 182 40 9.7 B 12.5
9 4 . 11:00 89.5 213 o 39 9,0 A 11,7
10 4 16:00 94,5 - 225 39 9.4 A 11.8
11 5 09:30 112.0 266 39 8.5 8 11.8
12 57 16:30 . 119.0 283 37 7.5 @ 12.6
13 6, 08:30 135.0 321 : 37 7.4 B 12,6
14 6 17:00 143.5 - 341 36 7.5 7 14.3
15 : : ‘

'COMPOSITE FROM BUCKET . | 4
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Emulsion : CLC-45-09

Description : These tests were performed at intermediate values of

¢

Table D-11: Conditions for tests with emulsion CLC-45-09,

Reynolds number,

: Test No.l ' Test No.?2
FloweRate (kg/min) 13 to 41 40
Velocity (m/s) .6 to 2.0 1.85
‘Shear Rate (s71) 230 to 740 720

- Reynolds Number 1500 to 4700 4500
Temperature (°C) 12 to 14 - 12
[nitial Emulsion

Viscosity 9.1 mPas 9 12.1°C

‘011 Concentration 39 wt%

)

\

9w

Observations : Figure D-17 shows that the friction factor-Reynolds .

number data lie within 2% of the calibration line f=16/Re in the 1am{ﬁ}
Flow regime and within 5% of the calibration curve for the Newtonian oiR\f\\
in the turbulent f1ow'regime. The transition from laminar to turbulent

flow occurs at Re=2200. Figures D-18 and D-19 show the results from the

long term flow test. Friction factor decreased only 10% in the first

. 1600 kilometers. There is a sharp drop in the friction factor at about
1800 kilometers followed by a recovery to nearly normal values, This
recovery is accompanied by a 15°C increase in temperature, Figure D-18,

and a sharp increase in current drawn by the D.C. motor, Figure D-19.
Temperature fluctuations in the system initia]]y were due to a faulty
controller in the refrigeration system. Table D-12 shows the decrease

’in emulsion viscOsity and o0il concentration for samples taken during the

test.

Time/Distance Travelled : 270 h / 1850 km o

&

Instrument Calibration :

Flow Meter ' 0 to 45 kg/min .
Pressure Transducers -0 to 15 kPa



ISER*

real time and distance” trav

CLC-45-09. :
SAMPLE TIME * ‘D[STANCE : ST
NO. DAY  TIME  CUM.HRS KM CONCENTRATIGN ks &2
. . (wt%) ’ mw
2 0 14:30 0 0 .39 9 .18 12,15
3 0 21:30 7.0 47 -39 8.8 A"14,1 %2
4 1 08:00 17.5 117 38 8.6 @ 12.5
5 1 16:00 25.5 170 39 8.8 @ 10,8 " >
6 2 10:00  43.5 290 38 . 8.2 11.8.HJ§§
7 2 17:00 50.5 336 38 V8.2 0 11,6
8 3 10:30 68.0 453 37 " 8.2 A 19.3
9 3 21:00 78.5 523 37 8.2 B 1003,
10 © 4 11:00 92.5 616 36 7.2 @ 12,1
11 4 22:00 103.5 689 36 N/A
12 5 09:00 114.5 763 : 36 7.3 @ 12,8
13 5 16:30 122.0 813 36 N/A
14 6 09:00 138.5 922 36 12.1 @ 13,5
15 ¥ 16:00 145.5 969 36 10.5 # 13.7
16 7 09:30 163.0 1086 37 9.1 @ 13,7
17 8 09:00 186.5 - 1242 35 N/A
18 9 10:30 210.0 1399 33 N/A
19 9 17:00 216.5 1442 .34 N/A
20 10 10:30  234.0 1558 ' 33 7.0 @ 11,5
21 11 10:30 258.0 1718 33 N/A
22 12 10:30  282.0 1878 20 N/A
23 FROM BUCKET, NOT CIRCULATED 34

‘N/A = not available
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Emulsion : CLC-45-10
Nescription

emulsions.
. R

i

&

. These’ £@sts had the lowest flow rates for the 459

Table D-13: Conditions for tests with emulsion CLC-=45-10.
at

‘Flow Rate (kg/min)
Velocity (m/s)
‘Shear Rate (s71)
Reynolds Number
Temperature (°C)
Initial Emuls1on

V1scos1gy

0il Concentration

Observations .:

rest

500 to 1200 °
11 to 13

No.l .

5:3 tg 12.6
.25 to .59 .
94 to 220

<)

Test N0.2

1.4

.35

130

650

12

10.8 mPas A 12.6°C

42 wt%

number data lie within 8% of the calibration line f=16/Re.
D-21, D-22 and D-23 show the results of the long term flow test.

Friction factor decreases thrOughoutithe run becoming more scattered
after a distance of. 300 kiTometers.

faétors jncrease dramatically, Figure D-21,

about 8°C, Figure D-22.
1.5 to.3 amps, Figure D-23.

-concentrat1on for samples taken from the system are shown in %gb]e N-14,

'The pressure data from this test were taken from the Rosemount pressure

) 3 l’- 3 ) k3 )
The decrease in emulsion viscosity and oil

Figure D-20 shows that the friction factor-Reynolds

Figures

After 350 kilometers, friction

transducers on]y as the data from the V1atran transducer were too0

scattered

Time/Distance Travelled :

'-Instruménf Calibration

“Flow Meter

Pressure Transducer 1.

2

<3,

-

0 to
0 to
0 to

2 kPa
2 kPa

y/min
7 kPa.

(Rosemount )
(Rosemount )

~(viatran)

and temperature increases

LI
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Current drawn byg%heﬂD.C. motor increased from
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Tab]e p-14: 0il concentrat1on and emuls1on viscosity as funct1ons of @
real time and distance trave11ed dur1ng the 1ong term test w1th emu]slon
CLC-45-10. , .

SAMPLE TIME ' DISTANCE 0IL EMULSLON

ND. DAY  TIME  CUM.HRS KM CONCENTRATION  VISCOSITY «
’ ' , ) (wt%) (mPas-A °C)
1 COMPOSITE ' 43 4 o
> 0. 16:00 0.0 0 Y- 10.8 @ 12.6
3 1 09:00 17.0 21 : 42 10,80 12.56
4 1 16:00 ° 24,0 30 ) 11.0 8 11.0
5 2 09:00  41.0. 52 - an 10.2 A 11.0
6 2 16:00  48.0 60 40 9.7 A 11.2
7 3 709:00 65.0 82 39 9.4 @ 10.1
3 “3 . 16:00 72.0 91 7 38 9.0 R 10.6
9 5 11:00 °115.0 . ° 145 35 7.4 R 11.2
10 6 09:00 137.0 173 35 7.8 10.5
11 6 16:00 144.0 . 181 -35 8.7 A 10,1
12 7 09:00. 161.0 203 . 33 7.3 M 11.5
13 7 16:00  168.0 212 .30 5.8 @ 11.1
14 "8 09:00 -185.0 - . 233 29 5.98 10.2.
15 , 8 16:00. 192,0 242 8 5.6 @ 11.0
15 9 09:00 - 209.0 263 3 4,6 8 10,6
17 9 16:00 * 216.0 272 ! 3.7 @ 11,1
18 100 09:00 .233.0. 294 .20 . 3.6 @ 10.4
19 10 16:00 240,00 302 21 3,7 @ 10.9
20 11" 14:30 | 262.5 331 12 3.0 @ 10,8
3.6 A 11.0

21 12 19:00 " 291,0 367 . 12
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Emulsion : CLC-45-11

Description : Thgse flow tests were performed at the highest flow rates
for 45% emulsion§¥' The temperatures in both tests: were higher than

) . \ 1 '
previous runs due to a lack of adequate cooling water.

i

Tabte N-15: Conditions for tpg%s with emulsion CLC-45-11,

s //;Le/t No. 1 Test No.?2

Flow Rate (kg/min) 100 to 191 190
Velocity (m/s) 4.8 to 9.1 ' 9

Shear Rate (s71) 1800 to 3400 3400
Reynolds Number : 10,800 to 22,00 *22,000
Temperature (°C) 13 to 24 25
Initial Epulsion ‘ :
V1scos1tx ‘ © 8.3 mPas @ 24°C
OlMﬁConcentrat1on 42 wt? :

-

iy
ol

- Obsery, tVQns ;'Figure D 2% shows the friction factor-Reynolds nJ:%er
7;beha%1our of ;Qe fresh em‘131on. . The data lie within 6% of the

. Y
vca11bra¢10n curve for the Newton1an 0il. The data agree well with the-
b S

data frng%he test with emulsion CLC-45-05, Figure N-2, Fiéures N-2%

and D- ;gpﬁif@ the results of the long term flow test. Friction factor,
.temper and o011 concentrat1on do not change appreciably durihg the

tes\n 4Tab1e D- 16 shows that . emulsion viscosity remains constant during

1'the test After 14 days ‘and more than .10,000 km of running the test was
. term1nated

gfﬁiﬁoxstance Travelled : >14 days/10,000 km —
» ’&’ﬁ % : k
.l-l et ) : o
Instrument Galibration ' .
F]ow Méler o " 0 to 400 kg/min
Pressure Tran&ducers 0 to 150 kPa
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Table D-16: Qi1 concentration and emulsion viscosity as functions of
real time and distance travelled during the long term test with emulsion
CLC-45-11.

SAMPLE TIME DISTANCE nIL EMULSION

NO. DAY TIME  CUM.HRS KM CONCENTRATION YISCOSITY
| : . (wt%) (mPas @ °C)
1 COMPOSITE R a4 |
2 0 15:00 0.0 0 C 42 8.3 M 24,0
3 1 09:30 18.5 600 42 6.7 @ 26.8
4 1 15:30 24.5 794 8 7.0 @ 27.0
5 2 " 09:30 42.5 1380 42 7.0 @ 26,4
6 3 09:30 66.5 2160 42 7.0 A 25,4
7 4 09:30 90.5 2930 43 6.9 A 25,3
8 4 15:00 96.0 3110 42 7.1 8 25,1
9 5. 09:30 114.5 3710 43 7.0 @ 25,3
10 6 10:00  139.0 4504 e 43 7.7 @ 25,1
11 7 .09:00  162.0 5250 43 N/A
W 8 11:00 188.0 6090 43 7.5 @ 24,7
13 9 13:00 214.0 . 6930 43 7.0 @ 24,9
14 10 21:00  246.0 7970 - - 42 6.7 @ 24,9
15 11 11:00  260.0 8420 » - 42 7.2 @ 25,0
16° 12 1100 284.0 9200 ‘ 43 7.2 @ 25,1
17 13 11:00 308.0 9980 42 . 7.2 9 25,0
18 14 11:00 : 332.0 10760 | 44 7.6 0

25- 0 i}”v .

[

N/A = not available
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Emulision : CLC-55-09

¢ ’ !
‘Description : These*tests were the first flow tests performed with a 55%
emuTsion. The same flowrat »s were covered as in CLC-45-05, This
corresponds to'a lower Reynolds numher range due to the h1gher emulsion
"viscosity., .

R

*

"Table' D-17: Condifions ®ow tests with emulsion CLC-55-09.
. ' % » ' . ' 2 ’

LS . ' -

- © o Test No. 1 © - Test No, ?
Flow Rate '(kg/min) 92 t 2 @« 125
Velocity (m/s) . 4.3 8.0 : B
Shear Rate (s71), 1500 to 3400 2300 <,
Reynolds Number 4000 to 8300 ) + 5500
Temperature (°C) 11 to 16 g 12
[nitial ‘Emulsion o sl
Viscosity : 23 mPas A 12°C ..

0il Concentration 57 wt%

Nbservations : Figure N-27 shows the friction factor-Reynolds number
data for this emulsion.  The initial data are about 25% below the

calibration line for the Newtonian o0il.  As the test.progresses measured

pressure drops move to within 15% of the predicted pressure drdps based
on the measured physical properties of the emulsion. This severé"
hysteresis was not observed elsewhere. Figure D-28 and Dig? show,the
results of the long term flowt test. [Initial friction factors are not as
steady as in test CLC-45-05, F1gure N-3, but appear to level off after
150 kilometers, The friction factor decreases abruptly after 650

L)

kilometers and recovers to a second more stable value, Viscosity
measurements were no longer possible on samples taken fro% the system
after this point. ~The recovery in friction factors is accompanied by an
increase in a2mulsion temperature of 12°C, ?1ghre D-28. The test was
stopped when the system no longer appeared to be changing., Table N- 18
shows the changes in emulsion viscosity and-0il concentration for f‘
samples taken during the.test, ) , ' [

/ o B
Time/Distance Travelled : 30 h / 6
- . 2 L NG

dm
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Instrument Calibration : :

Flow Meter ' '0 to 400 kg/min

" Pressure Transducers 0 to 150 kPa

Table D-18: 0il concentrat1on and emulsion viscosity as functions of
real time and distance travel]ed during the long term test with emuls1od

CLC-55-09. . “
" SAMPLE - TIME DISTANCE O OIL . EMULSION
NO. DAY TIME  CUM.HRS KM~ CONCENTRATION  VISCOSITY

(wt%) . (mPas @ °C)

e

1 D 14:30 0.%/ 0 57 23 0 12,0 -
2 0 21:00 6. 130 52 22 @ 11.6
3.. 0 1 03:30 18.0 390 . B2 22 0 12,2
4 1 11:30 2.0 454 . 51 23 8 11,9
5 1 16:30  26.0 “ 562 50. 14 @ 11.9
6 1 21:30  31.0 670 51 15 6 12,0
70N 20 15:300 49.0 1060 47 N/A

8 3, 70.0 1510 = 47 N/A

9 4 85. 1836 47 CONA

N/A = not available



172

-

‘

-60-G5-017) 10} 18qLINU SPIOUABY UlM JOJOB) UONOL) JO UONEU.A BUL :/2- @InBid

- . (119AQq = ey) 1equinpN spjoukey ]
; b ‘ . ' 00'€
000'S2 © 000'02 ey 000°0t . 000'S 0
M ¢ v
.4 . 4
efs s
/‘
’ - .
/ i 7 :...»... .«... .
.._W : // p vy, ,
+ ..
Bat N Yy .
' )
w4 / v -
/ NI .
° ’ + ., .
K . ,
1//,_4. L/ K . ... ..; .
N 1 i <. y
» + 1]
K . / . | .. . vy, H " .. .
. R . _
// ! . . l.z: ,
- . ]
Y . . w.. Y, ! \
. 1O UBIUOIMON JOj 8AINJ UOHIBIQIED 1Y Yo JAR
. . ’ // +
» . ; / y
- /
—— 60-G5-01D 18quinN uny * /
r ﬁ ‘ . ]
“ 1

9000

/000

6000

0100

1100

(9:A12/dva = 4) J0108 uonoig



173

¢

¢ R . ~

A\

D

eyl

'60-§5-010 10} PO||6AEI) BOUBISIP YIM einjeledwe) pue JOJOB} UOIO) JO UONBUBA

* Ty

v . | IR (wy) souelsig
So/_m. 005'2 0002 " 00s't 000"t 00s - 0
L B &W; ; i - S
|
. ,
[
. . _ N
. v ° (wy) edueisiq —
‘ ‘ : ‘ ‘I 0
o0 Ooge  000c __00s't o boot 008 T ooo
———— e - - me———— 5000
- . ——————{ 9000
¢
.....?_.. + £00°0
o : - ¢ . 4 . 3
. . ¢+ .
—— 60-GG7010 48quINN uny ; " 7 8000
S o. {c['IL 600°0
. — : —— 0100

(Do) @iMessdwe

}) lojoe4 uoNOli4

“(9zA12/4V0A

:gz-q eanBiy



174

-~

Hi, S UV S U — ‘..».lii».

L

ov

— 0§

09

(9,) UONEIIUBOUOD 10

.m.o-mm-O...O 10} pejjeaeil wo.Cﬁﬁw_U fcxi uoIneIjuU8du0o? |10 O uotieuea eyl :62-Q 0‘_30_&
- -
X
4, (wy) asuelsiq
hoo'e 000'2 000't .
. " e e
-
S I SO SR R DE—
- ) ’ iy Y
R S (VU S e
: v L]
. [}
S 60-56-010 daquwinN unyYy - oo s peTT T T S
. . AN
- \



t,../_ . r . . ) ’ . . ]75‘

Emulsion : CLC-55-10 . - S

¢
v

Description : These were the first 1aminar'f1ow tests with a 55%
emu1S1on. Flow rates were chosen to correspand ﬁ:;h those used in tests
'w1th emu1s18n CLC-45-08. A 2 horsepower motor" uas uggd for this. ru?iend
subsequent low flow rate runs to prevent problems due to 1nsuff1c1ent
-horsepower at the end of”a 1ong term test. A

. y

[4

v

" Table ND-19:“Conditions for tests with emulsion CLC-55-10,

' ~ Test No.t 4 .. Test No. 2
Flow Rate (kg/min) © 8.0 to 24 ~ . 14
© Velocity (m/s) , : .38 to 1.1 .67
Shear Rate (s71) : 140 to 420 : i 250
Reynolds Number 500 to 1200° 700 \
‘Tempetature (°C) 12 to 13 . 11 to 12
Initial Emulsion Lo ,
. Viscosity . 20.0 mPa A 12,7°C

0i1 Concentration S 50 wt%

Observations : F1gure D-30 shows the friction factor- Reynolds number
data lie within. 18% of the calibration line f= 16/Re No‘strong
hysteresis is noticeable in “the data, F1gufes N- 31, N-32 and D-33 show

the results. from the long term test. The (;iction.factor decreases
cohtinua]]y/during the test for 450 kilometers. After 460 kilometers,
the frictiun factor suddenly increases rapidly. This is accompanied by
an increase in temperature of 12°C, Figure D-32, and an increase in the
current drawn by the 2 horsepower motor from 1.9 to 3 amps, Figure N-33.
Vistosity measurements on samp1es taken from the system were no longer
possible after this had occurred Table D-20. shows the changes in
emulsion v1scos1ty and oil concentration for samples taken during the
run,

A

Time/Distance Travelled : 190 h / 460 km

Instrument Calibration : 6
Flow Meter 0 to 45 ky/min 5
Pressure Transducers 0 to 10 .kPa \\s~
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.Table D-20: 0il concentration and emulsion viscosity as functions of ‘
real time and distance travelled during the long term test with emulsion '
CLC-55-10. '

SAMPLE TIME - DISTANCE Q1L EMULSTON

NO. DAY- TIME  CUM,HRS ~* KM .~ CONCENTRATION  VISCOSITY
. - (wt%) (mPas A °C)
COMPOSITE L 53 -
2 0 16:00 ., 0.0 0 50 - 20.0,@ 12,7
3 1 09:00 . 17.0 | 41 , 50 22.2 A 11.7
4 1 16:00  24.0 | 58 50 21.5 @ 11.9
5 2.—09:00  41.0 99 . 50 20.4 7 11,8
6 X7 16:00 48.0 116 - 51 19.7 @ 11.9°
7 3 09:00  65.0 157 - 51 19.5 A 11,0
8 . 3 22:30 78.5 189 50 19.0 @ 11,3
9 4 09:00  89.0 215 53 18.5°4 9,7
10 4 22:00 102.0 246 51 16.9 A 10.8
11 5 09:00 113.0 273 49 - 16.9 M 10,3
12 5 16:00 120.0 289 49 14.8 A 11,5
13 6 09:00 137.5 332 49 N/A
14 6 16:00 144.0 447 49 N/A
15 7 0 09:00 161.0 388 47 14,2 A 11,4
16 7 16:30  168.5 406 48 CNA
17 8 10:00 186.0 449 .43 h/a .
18 8 16:00, 192.0 463 : .
UNCIRCULATED MATERIAL FROM BUCKET - - 52

N/A = not available
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Emulsion : CLC-55-11 > :
L3 \,
A AN #
ﬁecrigﬁigg : These tests were done in the quinar regime dtflow rates
that were about double those used in the tests with emulsion CLC-55-10.
Because the viscosity of the 55% emulsions is about twice that of the
45% emulsions the long term test hadﬂthe same initial Reynolds number as
the long term flow test with emulsion CLC-45-N8,
A}
/
Table D-21: Conditions for tests‘with emulsion CLC-55-11. A
Test No.1 | Test No.?
Flow Rate (kg/min) 13 to 41 23 ’
Velocity (m/s) .6 to 1.9 1.3
Shear Rate (s71) 230 to 720 500
Reynolds Number h 650 to 2100 1500
Temperat.are (°C) - ) 12
[ritial Emulsion
Viscosity 20,9 mPas 7. 12.0°C
0i1 Concentration 49 wt9

Observations : Figure D-34 shows the friction féctor-Reynolds number

data for the fresh emu1s1on lies within 20% of the ca11brat1on line
f=16/Re. Figures D-35 and D-36 show the results of the 1ong term flow
test. In Figure D-35, the friction factor decreases initially in a
manner similar to the laminar flow test with emuTsion CLC-55-10. After
about 200 kilometers, and for the next 400 kilometers, the friction
factor appears scattered between two extremes. Towards the end of the
test a more steady value of friction factor is achieved followed by a
ﬁpakp decrease. This decrease in friction f&ktor is accompanied by an
increase in temperature of 12°C, Figure D-35, and an increase in current
drawn by the D.C. motor, Figure D-36. It was no longer possible to
measure the viscosity of samples taken from the system. The changes in
emu]sibn viscosity and oil concentration for samples taken during the
test are given in Table N-22. |

Time/Distance Travelled : 170 h / 300 km
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Instrument Calibration : ~
Flow Meter 0 to 45 kg/min

Pressure Transducers 0 to 15 kPa

Table N-22: 0il concentration and emulsion viscosity as functions of
real time and distance travelled during the long term test with emulsion
CcLC-55-11, - . '

SAMPLE - o TIME NISTANCE 0NIL EMULSION
NO. DAY TIME CUM.HRS KM - CONCENTRATION VISCOSITY
(wt%) (mPas @ °C)
1(COMPOSITE) A 53 ' :
2 0 16:00 0.0 0 49 20.9 @ 12.0
3 1 -11:00 17.0 30 49 21.6 @ 12.9
4 1 15:00 24.0 112 50 C21.6 M 12,2
5 2 10:00 - 40.0 187 49 18.5 @ 12.7
6 2 22:00 52.0 - 243 a7 17.6 @ 14,6
7 3 15:00 71.0 332 ' 48 17.8 @ 14,6
8. 4 09:00 87.0 407 48 17.4 A 10.5
9 13 N/A
10 5 09:30 11,5 522 49 N/A
11 5 16:00 120.0 562 a8 N/A
12 5 10:00 136.0 636 a7 N/A
13 7 10:00 160.0 749 12 N/A
14 8 A T 18
15 (UNCIRCULATED BUCKET) 51 *

N/A =.not available



183

’ ‘1 1-66-010) 10} Jequinu Sploukey UM #0108} UOHDLY jO UOIBLIBA 8] :pe-q ounBid
. . ¢
("/daq = ey) sequnp spjouley
0005 0002 000’1 00S 001
= ’ —r——— ——p—— 9000
. M . .
H i N »
‘ ! L,
K™
L ]
N ‘o'
i 0100
| . \,
N Ry
S | £ 5
« | Y 2
Y1y 3
T
.4 w
H /,/ o. . ..00
. - . | h 0200 =
]
| ; m / ' »)
‘ | i e
; i i R
L ,w | ewoL=4" S
L ~ i 0£00 %
.. ; ; M o
M. | ,
h. w m 0¥0'0
I i J ;
—— 11-GG-D1D Hequinn uny 050°0
: ¢ - 4 0s00
» “ - T os00




184

“11:6G-01D 10} POIieARI) 83UBISIP Yim eineiedwe) pue J010B) UCHOLY .6 uoneueA 8y) :Gg-q esnbi4

(wiy) eoURISIA e : . A

®ooo'e 0052 0002 00st . o0t - 005 0

LN S
" ¢
- I i T 3
o
- 3 ,
NN IS SRR o
m .
0
- < .
B ; P .
"o
S
. . {
= : — - o€
. ¢
- o (wy) 8oUEISI] _ ;
0006 005'2 : : : 005’1 000t 005 ° 0
: S xoe N : . —= == 9000 1
. . ) . ‘ o , m
N . i p |
e e e | e T R : - — —2000 3y
T /e e [ 3
A N _ 8
) . R . R . N . . N B
— R e S IR Y S gooo S
| - £ % e
— e ¢ A , 600°0
o . 1 (A B .0
c : ) At ANy B .. (L <P
——— | 1-GG-D - 1equiny uny. - 1- otoo. 9.
e . e . ¢ \} N
S , : ¢ -
L — v 1100 <
“ T L . . : N )
L . - — : : - - Z10°0



185

06oo'e

“11-GG-370 10} PsjieArIl 8ouBISIP Yim Jojow D' AQ Umelp Jueund pue UOIBJIUBOLOD [I0'jO UONELRA 8| :9E-( 81nBld .

000°¢

(wx) @duelsiq

000'tL

000'c

0002

(w).80uBISIg

000"}

ov

+ 0S

10 udquinN uny

09

(%) UCIIBIUBIUOD 110

(sdwe) juaiiny



\ ‘ . «‘:‘ ’ : | ']86

Emul®fon : CLC-55-12 ' .

Descriptﬁfix : These tests were rUnﬂpt‘the highest flow rates for 55%
emulsions, The long term flow test was run at the same flow rate as the
10nq/€erﬁ test with emulsion CLC-45-11, Temperature jn both tests were
suﬁgtantia11y higher phan other tests with 55% emQ]sions due to the lack
Q% adequate cooling water. '

&

Table N-23: Conditions far tests with emulsion CLC-55-12.%

T . -Test No.1 - Test No.?2,
Flow Raté (kg/min) ‘ 124 to 198 190
Velocity (m/s) o 5.9 to 9.4 9
Shear Rate (s71) - 2200 to 3500 3400
‘Reynolds Nunfber 11,000 to 17,700 , 17,000
Temperature (°C) 21 to 26 - 25
" Initial Emulsion
- Viscosity o 11.2 mPas @ 22.3°C.
0i1 Concentration 48 wt%

Observations : Figure D-37 shows the friction factor-Reynolds number

Jata Tie within 8% of the calibration line for the Newtonian oil. o
Although there appears to be about 4% scatter in the data, the results ek
agree well with those from the test with emulsion CLC-45-11. Figures .
 D-38 and D-39 show the results of the long term test. Friction factor;"
temperature and oil concentration do not change appreciably during the::
test and emulsion viscosity remains constant, Table n-24, After 16 days
and more than 10,000 kilometers the test was terminated. ' L

3

Time/DiStanCe Travelled : >14 days / 10,000 km |
Instrument Calibration : -

Flowmeter ‘ .0 to 400 kg/min
Pressure Transducers ° 0 to 150 kPa




- Table D-24: 0il concentration
real time and distance travell
CLC-55-12, '
i . |
SAMPLE TIME
NO. DAY  TIME-  CUM.HRS

1 COMPOSITE ‘
17:00 0

2 0
3 1 14:30  “21.5
4 2 13:00, 44.0
5 3 13:300 . 68.5
6 4 14:30  93.5
7 5 14:00 117.0
8 6 09:00 136.0 |
9 7 11:000 162.0
10 8 11:00 186.0
11 g 11:00  210.0
12 11 16:00 263.0
13 12 10:00 ' 281.0
14 14 09:00 304.0
15 14 11:00  330.0
16 16 14:30 381.5

PAIL'NO. 1 -

PAIL NO. 2

PAIL NO. 3

\
\

and emu?sigp viscosity as functibns of
ed during‘tpe long term test with emulsion

DISTANCE *

KM

597

' 1430

2220
3030
3790
4410
5250
6030
6800
8520
9100
9850
10690
12360

0IL
CONCENTRATION
o (wt%)

51
48
48
- 48
> 48
47
47
a7
; 47
| 47
a7
y 48
\ 46
47
| 47
\ 46
\51
| 50
\50

25.0

187

\

EMULSION
VISCOSITY
(mPas A °C)
11,2 8.22.3
13.8 @ 25.3
12.4 8 25.3
11.7 8 25.3
11.0 0 25.4
12.1 7 24,5
" 11.4 B 24,5
11.5 A 24.5
10,9 @/ 24,5 "
10,9 7 24.3
10.6 & 25,0
19.6 @ 25.0
10.8 @ 24,9
11.1 A 25.1
10,2 M



188

‘21-66-071D 10} 1equInu SPIoUASY Uiim JOJOB) UONJLY JO UOIIeLRA BUL (18- ainBiq

(7/9AQ = 8Y) JequInN spjoufey ,
000'62 000'02 , 000'01 000'S . 000't

9000 —
Hy ot
.... .
.&. by ~“. 4 e
vt PR - . : r .
// nils Y _ 1000
R N :.o .
/ } ’ ..c |I4J._
™~ i .,,:.. " _ i o
t g~ =
/ .,: ; w
] ’ m
2
./ 24
. o
// : ‘ 8000 =
. - ]
L / (@) 1
/ L
A
Ji0O UBILUOIMEN 10} 8AIND uoneIqlie) v / i
<
// - 6000
| | //
— N_.-mm-Ol_O Jaquinpn uny - / oto0
. - ] !Fl/!
= ) - : 100 -



189

i

'Z1-6G-D1D 10} PB||eAEl BOURBISID UM ainjesedwe) pue JOloBy UONDNY JO UoleLBA 8 (8E-Q e.nBi4

{wy) souelsi|g
000'c! 0000t o008 000'9 000't 000'2 0

S —"

b e e

[ e Vlll'&. RS - 4 Gt

(Do) @injesedway

0002t 00001 | 000’8 0009 - 000t . . - 0002 0
[ - e oo Sy T T T T T 1!4 - , . 000

- ~——] S000

e S — 900°0

}) J01084 uduou:g

£ d

000"

L Z1-6G-DTD HequINN UNY -t T : —— 8000

- e e 0100

(9 zA12/dva




190

£

-Z1-6G-019) 10} Pej|eARI) BOUBISIP UNM UOIBIIUSOUDD |10 JO UONBLEBA 8U ] :6€-a 84nbi4

<«

(wy) sauelsig

00021 000°04 000'8 "~ 0009 000't 000'2 )
oY
. | o
_ : 5 ) L S
. ﬂ,. ! 0 L . . . 1 W
; ¢ ‘ ) . o
4+
. “ - s =2
=3
| | I
. . 14 =
L Z1-gG-D1D.1equInN uny 3

09



Emulsion : CLC-55-13

Description : Thes tests were performed at the lowest flow rate for 55%
emulsions, The flow rates are the same as those used in the tests with
emulsion CLC-45-10,

Table D-25: Conditions for tests with emulsion CLC-55-13.

' Test No.l Test No, 2
Flow Rate (kg/min) 4.2 to 9.6 7.4
Velocity (m/s) | .20 to .45 .35
Shear Rate (s7ly 75 to 170 130 &
Reynolds Number 190 to 450 - 325
Temperature (°C) 9 to 11 10
Initial Emulsion
Jiscosity ‘ 22.72 mPas @ 9,8°C

0il Concentration ° .49 wt9

Obsérvations-: Figure D-40 shows the friction factor-Reynolds number
data lie within 2% of the calibration line f=16/Re. Figures N-41, N-42
and D-43 show the results from the long term test, In Figure D-41,

friction factor decreases steadily for the first 200 kilometers,
increasing abrupty after this point. The abrupt change in friction
factor is accompaniéd by an increase in temperature of 10°C, Figure
D-42, and an increase tn current drawn by the D.C, motor, Figure D-43,
Table N-26 shows the decrease in‘emquion viscosity and oil

191

concentration for samples taken during the test, The pressure data from.

these tests were based on the data from the Rosemount pressure
transducers only as the data from the Viatran transducer were too
scéttered.

Time/Distance Travelled : 170 h / 200 km

Instrument Calibration :

Flowmeter 9 to 45 kg/min
Pressure Transducer 1., 0 to 7 kPa (Rosemount)
2. ° 0 to 2 kPa (Rosemount )

3. 0 to 2 kPa (Viatran)



Tablg D-26: 0i1 concentration and emulsion viscosity'as functions of

192

real time and di§tance,trave11qd during the long term test with emulsion

CLC-55-13.

SAMPLE

NO., DAY

PATL NO.1
PAIL NO.2
PAIL N0\ 3
1 COMPOSITE

WO~ U W

~N O N O

17
10
11

12

N8
N9:

T1ME
TIME

100
:00
100
14:

30

: 00
:30
30_

CUM.HRS

17,
42,
93.
115.
13%.
160,

(6236 ) INNEFIRS ) e Rl e

NISTANCE
KM

21
53
118
115
171
202

T

01L
CONCENTRAZION
- (wt%)

53
52
50
52
49
48

g
3

a0

38

27

EMULSINN -
VISCNSITY
(mPas @ °C)
.22.2 A 9.8
21.1 A 10.4
18.2 8 9.7
-15.5 @ 9.1
15.0 @ 9,1
9 A 9.0

5 9% 9.3



193

' 0ot
000'S . 00
W _
| i
L
! .,
_“
; | 0100
4 |
w n
m m 3
| | =
i h_ S
' i ! -
: ﬂ T
i I »
| | |8
,, w , 0200 —=
,. i e n
] .
i i | >
4 | A M
o M ay/9l =} ¥ >
p L W : 0800
| w
w : w 0v0°0
i | ~ ’ ]
! |
i i t .
| : 0500
— £1-GG-01D JequinN uny .
, w ﬁ - - { 0900
e |
. 0200

:0p-g eunbiyg



194

‘£1-§G-D1D 10} PejIeAR)] BOUBISID UM JOJ3B} UONDL) JO UONEUEA By :Lp-Q 84nbBiy

(wy) eouelsiqg
00S oot 00t 00¢ 001 \\o .
| S T o \, Y ——TUT— T 77 i,‘lil!:. o T ._ 600 O
w e Wr{ - ‘}‘V.!i/‘V’\I.IIJW\W JE S Y U SO S \;|I;|‘DL O,FO.O
[}
N - 4t
ty ..
+ [
N »
+ .zf
[X. R
+ «F ¢ .U:
(4! 2
* e — t?‘iiwl,'c]t\ 0200 3
S TR 2
] + (] -t
# ..s& o
.... + L 0. m
. ' —_
- I +. 94 =
¢ O
- — A SRR [
- - - - ﬁ»l. - - - 0€00 R
N Yy n
< o~
' <
2
e e~ = - B -4 e e N - v [ S ov0 0
+ \
-~ — £1-6§-D1D 8qWINN uny et 0500
+
- T T ﬁ 0900
st
~V4 e e — — —— — - ——— b —_ ONO o




195

e

“£1-G§-071D) 10§ PejieARl) 8OUBISID YIM 8injeiedwse) jO UOHeLBA BY] 1zy-q 9anbig

oy

(wy) eouelSIg
(6,014 00 002 - 00t 0

(Do) 8JniBIEdWE |

.~ £1-GG-DD equunNuUny - 3o




196

-£1-§5-01D 1O} POleARI] BIBISID UIIM J010Ww "’'g AQ UMEJp jueund pue UONEJIUBOUODD (10 JO UOHEURA 8YL :E¥-Q einBiy

{wy) adueisig

0
00Y 00¢€ 002 00t X
w '
[ . : 2
| | o
N - » *a O
_ C
M 14 3
— )
! 14 W
: ' 9
i
_, 4 2
|
| ;
(w) souEISIA
, 0
005 s4)4 00t 00z 00! ov
iy T )
| o
— S
M w ) 0 (9]
m { 0]
,. - s 2
| B
_ =
,_ poo
— £1-66-070 U2qWNN uny 5
i 7 R
f = = 09



h /' | 197

Figure D-44 summarizes the friction factor-Reynolds nuwmser data from
tests with the emulsions CLC-45-05, CLC-45-08, CLC-45-09, CLC-45-10 and
CLC-45-11. A1l of the data lie within 10% of the calibration lines
established with the Newtonian oils. The data appear to he consistent
for tests made with different emulsion batches. \

Figure D-45 summarizes the friction factor-Reynolds number data from

tests with the emulsions CLC-55-09, CLC-55-10, CLC-55-11, CLC-55-12 and
CLC-55-13. All of the data lie within 25% of the calibration lines
established*with the Newtonian oils with the majority of data lying

within 20% of the calibration lines. The data are less consistent

between tests made with different emulsion batches but are still
considered acceptable,
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