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Abstract. The production and transportation of heavy oils using water-assisted flow technologies such as core-annular
flow has been recently proposed for onshore and, particularly, for offshore deep-water fields. The viscosity reduction
obtained thanks to lubrication by water is significant since the pressure drop in steady state core flow becomes
comparable to water flow only. However, oil adhesion on the pipe wall may occur for certain crudes and oleophlilic
pipe materials, possibly resulting in severe fouling and increasing pressure drop continuously. Adhesion effects may be
particularly critical in re-starting the pipeline after an unwanted, sudden stop of the flow. In this work, we present
laboratory results of stop-and-go experiments where an initially stable horizontal core flow was suddenly stopped for
61 hours then re-started with water only, until pressure drop reaches its final value for water flow. The oil used is an
4127 cP, 999.2 kg/m®, aromatic-asphaltenic Brazilian crude. Theinitial oil holdup was 0.85. The pipe is predominantly
horizontal with 2.8 cmi.d., partly made on commercial steel and glass (for flow visualization). A physical model for
predicting the re-start time is proposed.
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1. Introduction

The exploration of petroleum in Brazil in the ldstv years has been leading to the discovery ofifsignt
accumulations of high viscosity, APl < 19 oils. Fheso-called “heavy oils” are difficult to produiteview of their
immiscibility and high viscosity among the existénids in the formations (Mezzomo, 2000).

Since 1950 interest has been appearing in the tige¢isn of water-assisted flow of viscous oil inder to
reduce the frictional pressure gradient (Anglial., 1998). Russeét al. (1959) and Charlest al. (1961) studied
technologies of pipeline transportation of heavg aind developed the tecnology knowncase flow (Vara, 2001).
Later progress occurred in Holland with Ooms (194&) Oliemanst al. (1987), and in the United States with Joseph
et al. (1984). Bannwart and Vanegas (1999), based orsubeessful investigation by Vanegas (1999) propdked
application of this technique to heavy oil prodanti

The operation of an oil production or transportatime in the core-flow mode consists in injectiamall
amounts of water in order to create a lubricatmyelr around the viscous oil and avoid oil-wall @mbt The resulting
annular flow pattern reduces drastically the fantpressure gradient, allowing the oil to be pumpedo the surface at
a flow rate similar to single phase water flow (¥gas, 1999). The long term stability of this tequei requires
minimization of fouling (i.e. oil adhesion) of thepe wall, which cause a reduction in the usefahukter of the pipe
(Ramos, 2001).

Besides, it is important to investigate the startpnocedure after shut-down of certain core-flomed. In the
case of near-horizontal lines, gravity segregatianses the oil to accumulate at the whole upper qgfathe pipe,
leaving a thin water by-pass in the lower parthd water pump is re-started prior to the oil's Water drains through
the by-pass and gradually removes the oil at theeupart. However, for inverted U-shape line camfigions the oil
may totally block the straight section of the pige the only way to remove the blockage, in thisiation, is to
pressurize the line with water and stand by then&dion of the water by-pass, until the completeaeah of the lid
(Ribeiro, 1994).

Ribeiro (1994) presents data collected by INTEVBPaf 11 °API, 996 kg/m?3, 115 Pa.s oil at 25°C 2082 cm
i.d., 1 km long pilot pipeline of San Tomé (Zua¥enezuela), with injection of 4% of water and spe¢d.,5 m/s,
showing the increase of the pressure drop, in T2shdrom 200 kPa up to 1200 kPa, due to the gtaghaavth of the
amount of oil incrusted on the pipe wall. A studyoi deposition in oil-water core-flow pipe by Né# & Joseph
(1998) indicated that steel carbon tubes will beldd by petroleum with high asfalthene concentreti@and that
accumulation of some of the deposited oil can Ineore=d by increasing the water flow. Vanegas (198%erved that



for hydrocarbon oils, adhesion is not generallysobad in glass pipes, whereas plastic pipes suétV&sor Plexiglass
are fouled.

Since fouling becomes particularly serious in stgrtinvestigation of transient phenomena in atiailty stable
core-flow becomes essential. This work presentsltsefor the transient pressure drop in stop-andsgmeriments in a
laboratory-scale pipe operating in the core flondmor he results are used to develop a simplifiedehof the re-start
process.

2. Experimental Apparatus and M ethodology
The experimental apparatus used in this work iatkgt in the Multlab of the School of Mechanical Eegring

(FEM) of the State University of Campinas (Unicamip)consists of a closed-loop circuit where oidawater are
drained from a single 1.5%wertical separator tank by their respective purapsndicated in Figure 1.
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Figure 1. Schematic view of the experimental appara

The oil phase consists of a water-in-crude oil esioul with a density of 999.2 kg/m?3 and viscosityléP7 mPa.s at
25°C. This oil is driven by a screw-type pump, velaerthe water phase was driven by a gear pump. @otips were
controlled by frequency inverters. After being measl in their correspondent flow meters (a rotamietewater and a
Coriolis-type mass flow meter for oil) the oil amcter phases joined each other in an acrylic injectouthpiece. The
oil enters underneath the injector whereas theveatters laterally, in order to induce the deseedular flow pattern
quickly.

The two-phase circuit has a 2.84 cm i.d., 1.78 mg leertical section followed by a 3.70 m horizorgattion, both
made in glass. Past the horizontal section a stabbn API 5L degree B tube of length 1.20 m a6®&.cm i.d. was
built, which is longitudinally split to allow insgé&on of its internal surface after the experimeRtast the steel section
the oil-water flow returns to the separator throagtertical galvanized steel pipe of 2.76 cm i.€ein cooled by an
external water flow countercurrent heat exchandedifferential pressure transducer was used foisgree drop
measurement in the steel carbon tube. Data wasradcqand processed in a NI acquisition system ioview.

The experiments consisted in establishing a stibleater core flow in the circuit, by imposing =rficial oil and
water velocities of 0.90 and 0.13 m/s, respectiv@lge correspondent oil holdup was 0.85, as cakedldy the
correlation developed by Vara (2001). Then thegpaihp was stopped followed by the water’s, so thattail of the oil
core parked at a desired position. At this poietthalves of the circuit were closed, and the flvidse imprisoned in
the line, with a certain length obstructed by tlile A&s expected, the oil occupied most of the cresstion of the
blocked length, leaving only a thin water layetttie bottom. After 61 hours, the valves were opesgain and water
was pumped at 0.59 m/s superficial velocity, araltthnsient response of the pressure drop was neehatiintervals
of 10 s, until the value correspondent to singlagghwater flow was attained.

3. Results and Discussion

Two transient experiments were done. In the fitss, tail of the oil was placed at the beginningtef steel pipe,
thus the length obstructed by the oil was 3.58ne fHsults are presented in Figure 2.
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Figure 2. Pressure drop in the steel pipe as aifitmof time for the re-start test # 1

The horizontal line in Figure 2 represents the @gdteviously measured for steady state single plaser flow at a
superficial water velocity of 0.59 m/s. As can Heserved, the pressure drop starts at 233.6 Pa exr@ates very
quickly towards the steady state value. Besidesemitow completely cleans the obstructed sectibnilin about 20
minutes.

In the second experiment, the tail of the oil caees stopped at the beginning of the vertical gtzsdion, and the
total obstructed length of 9.09 m included therengiass pipe plus the steel pipe and the retyre. gifter 61 hours at
rest, the flow was re-started with water at 0.58 superficial velocity, as in the first experimefihe results for the
instantaneous pressure drop (measured in thepspeesection) are presented in Figure 3.
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Figure 3. Pressure drop in the steel pipe as aifimof time for the re-start test # 2



As can be observed in Figure 3, the pressure diamed at a much higher value (1360 Pa) than infitlsé
experiment (see Figure 2) decreasing continuousty the steady state value. The complete remoY¥dh® oil slug
lasted about 35 minutes. The decay curve is not@dar as in the first experiment, probably du¢hto different pipe
materials and orientations involved: 1.78 m of icaitglass pipe in upward flow, 3.70 m of horizdrgkass pipe, 1.20
m of horizontal steel pipe and 2.38 m of verticalvgnized steel pipe in downward flow. The fact thlass presents a
well-known hydrophilic behavior when in a contadthwhydrocarbon oil-water systems, may explain g removal
of the oil slug was relatively faster in the secangeriment in comparison with the first one, intespf the large
difference in the obstructed lengths.

However, it is possible to interpret the above ltsswith a simple model of the re-start processicivitan be useful
for practical applications. Since the measuredsuresdrop in the steel carbon pipe is essentiaigy/td friction, let us
take the time-average of the Darcy-Weisbach equdtiothe oil phase:

LIOO\702
D, 2

P=f

@

where 4P is the average pressure difference during trstast; L is the obstructed pipe lengtiD, is the hydraulic
diameter of the oil core in the obstructed segniehich is assumed to be nearly equal to the tubméier D), o, is

the oil density, V, is the average velocity of the oil anfl is the average friction factor. For applicatidrEg. (1),
the following assumptions are adopted:

H1 The annular flow configuration is kept, where til nucleus is dragged by a water ring;

H2 Laminar flow is valid for the oil phase;

H3 Turbulent flow is valid for the water phase;

H4 The instantaneous pressure drop decays expaligmtith time;

H5 The measured instantaneous pressure drop atengtéel pipe segment follows the same behavidheas
pressure drop in the obstructed length.

Let us make the approximatioW, [JL/4t, where 4t is duration of the transient flow (i.e. the rasstime). In
view of H2 the friction factor can be expressed fis= 6414/ (0,V, Do) , thus Eq. (2) becomes
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Figure 4. Normalized pressure drop in the steed pipa function of time for the re-start test # 1.
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Figure 5. Normalized pressure drop in the steed pipa function of time for the re-start test # 2.

Due to H4 and H5 the instantaneous pressure drtieinbstructed length can be expressed as:

AP(t) = Apf + (AR —APf )e—kt/m o

where 4P; is the steady state single-phase water flow presdrop, 4P; is the initial pressure drop imposed to the
obstructed length andé is a constant to be determined.

The plots of Figures 2 and 3 can be put in norradlitorm using Eq. (3). Figure 4 shows the normdliplot of
Figure 2, with the correspondent data fit by anoemtial function, which results ik = 10.2. In Figure 5, the
normalized plot of Figure 3, the data fit gave achlower valuek = 3.7.

Once that, in the second test, part of the obstdutgngth was made in glass and part in metalag decided to
decompose the plot in Figure 5 in two parts: th& fine consisting of the monotonic decrease dowtt (10.20, and
the second from this point on. This decomposit®shiown in Figures 6 and 7, giving a better datéofiboth parts,
with k = 5.7 for the first part andk = 3.3 for the second.
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Figure 6. Normalized pressure drop in the steet pipa function of time for the re-start test #2tiAt < 0.20.
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Figure 7. Normalized pressure drop in the steet pipa function of time for the re-start test #2tf1At > 0.20.

It should noted that bigger values of paramelercan be associated with the situations where this @asily
removed by water flow. From Eq. (3) we can deteemi® by using Eq. (4):

At
AP = ij‘AP(t)dt = B4R +(1- B) 4P @)
0

where [ = (1—e"‘)/k . For the above determined range 3.8<10.2, one obtains 0.1 &< 0.3. The steady state
pressure dropdP; is given by:

L 0,J2
AP, = f —Fww 5
f WD 2 ()

where J,, is the water superficial velocity arfg the friction factor (White, 1994):

111
/J (6)

)
fu = |—18log 69 ,|/b
Rep 3.7

where Rep = oJuD/t, is the number of Reynoldse is the roughness of the pipe wall, taken as thleevfor
commercial steel pipee 0.046 mm), 4,, is the water viscosity (=9.11xf@Pa.s at 25°C).

According to H1, the initially imposed pressuremrdP; to the obstructed length can be modeled as for the forced
flow of water through an annular gap, resultingisimilar expression, i.e.:

L pudi

R =1, : @)

h,f

where f,; is the friction of the water flow through therautar gap, Dy [7&,;D/2 represents the hydraulic diameter of
the annular gap and,; is the initial volume fraction of watee,{; = 0.15 in the present experiments). The friction
factor f,; can be calculated from Eq. (6) using the Reynaoldmber Rey = g, J(D/2)/14, and relative roughness
e/Dy+. Substitution of Egs. (4), (5) and (7) into Eq), @ves the following result for the re-start tin :
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The value of parametef can be estimated from the tests, since the retstee was measured. From Table 1 the
representative average value of this paramet@&fif.1 in reasonable agreement with previously detegthrange 0.1
<B<0.3.

Table 1. Data from tests #1 and #2 to estinghte

Test # 1 2
Lo (Pa.s) 4.127 4.127
0 (kg/m’) 999.2 999.2
J,, (m/s) 0.59 0.59
fy 0.03 0.03
fus 0.056 0.056
L (m) 3.58 9.09
AP, (Pa) 4730 12011
4t (s) 1260 2180
B 0.07 0.13

Thus, the proposed equation for the estimatiohefe-start time is:
64 1, L

0.2 f
pWDJVZV[ ™! +0.9 fWJ

Wi

4t =

©

This simple result involves all the important plegdivariables of the re-starting process. Cleargw and careful
experiments should be performed to confirm theditgliof Eq. (9).

4, Conclusions

In this paper, re-start experiments of an initieaby oil-water core flow pattern are described. this purpose, a
laboratory-scale line operating in the core flowdmavas stopped during 61 hours them re-startedwatier only. The
results were analyzed through a physical modelititatrporates the effects of relevant propertiehsas oil viscosity,
length of the obstructed segment, pipe diameteteweolume fraction of the initial flow, etc. A gjte constant
required in this model was estimated from the erpents.

No large pressure picks were observed that coultade the flow circuit. This is an indication thatstarting core
flow with water only, prior to re-starting the glump, is more appropriate. In fact, water tendsuwoound the oil
quickly, removing it safely from the obstructed iy Another important conclusion is that re-stsgems to be
affected by the wettability of the pipe wall: hyghilic pipes probably have lower re-start timescamparison with
oleophilic ones. Thus, more experiments with speaifaterials are required to confirm this effect.
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