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Abstract: In this study, experimental quantification of drainage potential curves for unspiked and
spiked Exxsol D60 was performed and compared against simplified numerical model results. This
potential relates to the flow rate of tapped water from the bottom of the pipe to the water cut of the
tapped stream. To mimic the separation characteristics of a real crude-water mixture, Exxsol D60
was spiked with small amounts of crude oil. A pipe separator with two parallel branches and one
tapping point was used to measure drainage potential experimentally. There was a slight decrease
in separation performance for the spiked Exxsol D60 in general when compared with the unspiked
oil’s drainage potential curves. However, for low inlet water cuts, the performance of the former was
significantly worse than the latter. There was, in general, a fair agreement between experimental and
numerical drainage potential curves. The flow patterns of the oil-water mixture approaching the
tapping point are the major determining factors of drainage potential curves. Results of this work
could be employed to predict the performance and design of bulk oil-water pipe separators that have
one or multiple tapping points.

Keywords: single tapping point; drainage potential curve; parallel pipe bulk oil-water separator;
spiked and unspiked oil

1. Introduction

It is common for water to be produced along with oil and gas during the exploitation
of underground reservoirs. Water can come from several sources, e.g., connate water in the
pores of the producing reservoir layers, water from aquifer layers flowing into the well,
associated water with produced gas, or from water injection for pressure support and oil
displacement [1]. If water production is excessive, it often reaches the processing capacity
of topside facilities, prohibiting maintaining or increasing oil production. This situation
is typically called bottlenecking. Therefore, the handling of produced water is and will
continue to be an essential task for the operators. Improving water-oil separation methods
and/or bringing more capacity will hopefully help with debottlenecking [2].

Part of the water-oil separation is conducted in a first-stage bulk separator that uses
gravity vessels to lower the oil concentration to 500-1000 ppmW [3]. Bulk oil-water
separation equipment is typically installed topside of offshore installations. However,
subsea deployments have been proposed as a measure to debottleneck topside facilities,
enable subsea re-injection, and as they offer some advantages with respect to conventional
topside deployments. For example, in a subsea installation, the water-oil mixture travels
a shorter distance from the wellhead before separating, therefore the pressure loss in the
flow lines is reduced [4,5], and there is less mixing and emulsification. This gives better
separation and allows production of higher rates for a longer time.

Another benefit of a subsea installation is the flexibility it provides; bulk liquid—
liquid separation units can be added on the subsea without adding weight and occupying
the footprint of an offshore topside structure. Subsea units can be deployed if needed
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throughout the field design and development phase, without the operator having to leave
an extra accessible area or weight carrying capacity [6]. Some modern pipe separators
have been recently developed and employed to separate produced water, such as Marlim,
Saipem’s SpoolSep, and Horizontal Pipe Separator (HPS) [7-9].

In this work, we focus on further advancement of experimental procedures and design
methods for a bulk pipe oil-water separator for subsea applications. Our research is part of
the SUBPRO research center, and it is a continuation of the work by Skjefstad (2019) [10].
Skjefstad (2019) developed a parallel pipe bulk oil-water separator, built a prototype, and
conducted several experimental campaigns to quantify its performance, optimize its design,
and assess the influence of surfactants and inlet choking, among other factors [2-11]. The
separator is intended to be installed downstream of a gas separation unit, thus it handles
oil and water only.

The first gap the current study addresses is the use of crude oil as a surfactant to
the oil-water mixture to achieve separation characteristics closer to a real crude-water
fluid system. The previous research by Skjefstad (2019) was made using Exxsol D60 and
brine. It is often reported in the literature that separation experiments conducted with
model oils typically have higher efficiency than when operating with real crudes. Therefore,
equipment qualification and test programs are often conducted in industrial installations
that handle real fluids after tests using model oils [12,13]. Skjefstad (2019) added a synthetic
surfactant to the Exxsol D60 to promote emulsification and reported a significant reduction
in separation efficiency compared to the Exxsol D60 without surfactant [2].

Some researchers have used crude oil as a surfactant (also referred to as crude
spiking) [14-16]. Using the original crude oil as surfactant might give separation char-
acteristics close to the original fluid system and it could allow reduction of the need for
expensive test campaigns in industrial installations.

The second gap this study addresses is the experimental quantification and numerical
estimation of drainage potential curves for a single tapping point to use in the design of the
MPPS pipe separator (e.g., to determine the number of the tapping points and operating
conditions). This is a continuation of the work by Stanko and Golan (2015). In a pipe
separator consisting of several tapping points, the separation efficiency of the separator
depends on the flow pattern approaching the tapping point and the amount of fluid drained
at the tapping point. Each flow pattern will have an optimal amount of water that can
be drained without taking significant amounts of oil. As reported by Rivera et al. (2006),
not only stratified flow patterns might give acceptable separation, but also dispersed and
mixed flow patterns with considerable turbulence [5,17].

Connection between This Research and Other Bulk Oil-Water Separation Design Guidelines

In designing a bulk oil-water separator (pipe or vessel type), typically the aim is to
find the required dimensions to achieve a separated water stream with low oil content
(e.g., 500-1000 ppmW). In this work, the scope is to determine the relationship between
the amount of water that can be drained from the tapping point and the oil content of the
tapped stream for the inlet conditions provided. However, in reality, draining significant
amounts of oil from the tapping point will not be desirable for most applications, but for
this work, it was important to map the curves for the full range.

When using the curves for design, the goal is to determine the amount of water that
can be drained from the tapping point for the inlet conditions provided such that no
“significant” amount of oil is drained. In case the amount of water that can be separated is
small, several separators/tapping points could be placed in series (as presented in [11,18]).
When using the curves for design it is foreseen that the content of oil in the separated water
could potentially be somewhat higher than the limits (e.g., 500-1000 ppmW) presented
above, thus a downstream facility is needed for further treatment.
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Table 2. Unspiked Exxsol D60 Experimental campaign infill test matrix.

Q [L/min] WCinet [%] WT [%]
300 30 40/55/95
300 50/70/90 95
500 30 20/40/55
500 50 20/40/55
500 70 85/95
500 90 95
700 30 20/45/55
700 50 40/55

Table 3. Spiked Exxsol D60 Experimental campaign infill test matrix.

Qt [L/min] WCinlet [0/()] WT [o/o]
300 30/50/70/90 95
500 30 15/20
500 50 40/55
500 70/90 95
700 30 20
700 50 20/40

2.3.3. Testing Procedure

Using LabVIEW's operation panel, the inlet liquid flow rate and WCj,; are set. Some
time is given for the system to reach stable conditions. Then control valves VT.2 and VT.3
are automatically adjusted to achieve the desired WT. The WT was calculated from the

water cut of the water stream at inlet (WCy), the flow rate of water at inlet (Ql), water cut
of Exxsol stream at inlet (WC3), flow rate of oil at inlet (Q), WCapped (WC3) and tapped

flow rate (Q3), as shown in Equation (2):

WCs Q3
WG, Q, + WC1Q,

WT = -100 ()

After the system reaches steady state, measurements are then taken; 300 individ-
ual measurements are recorded with a sampling frequency of 10 Hz. Flow patterns are
photographed at this time.

2.4. Drainage Potentia—Numerical Estimation

A numerical model was developed to estimate the drainage potential curve when
tapping from a single tapping point. The input to the model is the inlet volumetric rates of
oil and water, the pipe diameter, the type of flow pattern existing in the pipe, and some
parameters needed depending on the flow pattern type. The flow patterns considered are
based on the work by Trallero et al., (1997) and have two or three layers [21]:

e Two-layer regimes: O & W, Dw/o & Do/w, O & Do/w, Dw/o & O. For these flow
patterns a WiO content must be provided for the oil dominated layer and an OiW for
the water dominated layer.

e  Three-layer regimes: O & Dw/o (or Do/w) & W. For these regimes the thickness
of the middle layer must be provided and the OiW content in the W layer and the
WiO content in the O layer. The water fraction in the middle layer is assumed to
vary linearly.

Appendix A contains more information about the flow regime acronyms used above.
The model consists of two steps:

1 With the input provided perform an iterative solving process to compute the height
of each layer and the distribution of the water volume fraction along the vertical axis
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) pempetsilandddSGime it e il and watsh ialesindhe taPRadd eeih
d) Steps W@@ﬂg{@ptpé&@f{@ﬂldwﬁé@wﬁaal “h” values from zero to the pipe
@ame€ampute WT and WChapped With the oil and water rates in the tapped region

Moré HetariteRBAut 8 ieRsAEedAel el dIREh o preretdlate priveddiPn 2eppEnHIK B.

pipe diameter.
3. Resulfyore details about the model and the solving process are provided in Appendix A.

3.1. Elmdsidigpersion Properties
3.1.13..Be1§1aiéﬁhﬁﬂéﬁumperties
%a%%?%ﬁt{?ﬂ‘l&r?& dispersions of Exxsol D60 (denoted as unspiked oil) and Exxsol

D60 + 18%? ﬁ’?leﬁf&@%f‘gaéﬁl%‘é&% Pikepdily @Ol@ﬁwgﬁevwﬂe%%a&l&ﬁ Bbttle
test% ggq%ﬁlst% g%g&%%%ﬁ %ﬁ%@ed ‘811) dzft a&% %g%%eség{ ‘gymﬁl%‘hree

dlfféc@fegfpren é'}‘t%ﬁ) ﬁga%EQ g§ga%% (ﬂd urve have a esr fn 1‘4761%1 til%:l!‘/%ater

cut ig JnsreaseeldremLes ﬁ%Z% tges@r%%e%ﬁgﬁsﬁgﬁa@%?&%k%&19&& roqﬂfgqﬁlbé depa-
ratiQppHgsHHReR werRIaedavsithviRspidmdeaibidispsnsion, AtHeyshnthe dilfgrence in
theirlsapasptianidintiends Bobsigpifitamt at a waterccaabof 5B 0.

00:22 00:57
00:19 T Spiked Ol 00:50 —1— Spiked Oil
| = ik il ==X==Unspiked Oil
prepled o 00:43 A pI !
7 00:16 - 00:36 .
E 00:13 2 00:28
= 1S
*00:10 - = 00:21 %
= 00:14 - \
00:07 X "
in %
00:05 ' ’ 00:00 , !
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Water cut [%0] Water cut [%0]

(a) (b)

Figures¥rd) BeQReifartetimeméaofifiestimierface, tiy, and(bh tapguétedniinter fshiaphaspasapargtion, tsep
versusriatanaedicut.

3.1. f"h%v%rr‘é’%ﬁi%1r?€“t

Figt B houe e fr;ccttfé’ﬁ‘ a%ttoér"égcﬂ’ser%%%lefﬁ’ﬁs Was dlt‘ﬁeéf‘gfevraelr‘%eii% 10es O vol-

raction, ack calcu rom pressure dro easuremen S across esu S S
umeEagioths B?M%R%%‘Fﬁéi%g%ﬁ%ﬁmﬁﬁﬁﬁﬁm the RiperKseults
showr thes iEP&JEﬁIQH Qfe&egssd adswidhisalhweateshpsiahighriclrickiombetor thandba dis-
perspointdlasespitteddit dittlefnegion ofloss tappheximvetsioryjrditut 3Bothaturves.show an
inversion point close to the oil volume fraction of 0.66 (approximately equal to 33% water
cut).
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3.2. Drainage Potential Curve Experimental Results
3.2.D W@%ﬁfég@ﬁ%@ﬂ%@mﬁﬁm%ﬁ@oﬁﬁé%ﬁimental values is presented in this
sectiiRe st e pOReS RRAl iR e EaRAHATRE FHcHh @dﬂ%ﬁ%ﬁlﬂﬂ%&lﬁéfmrﬂ%emed
e same: ml nch ions, i.e., WC citotal inlet liquid,rat TIIIS ill strat st e effect of
sec% ot i r%s Ked d°sp

amage 1l ¢ oil are shown
11’1 C on ese ra 10N rrormance Of

the sam&m %tdf;gira IHOBEntiSH ik Anghigial Hﬂﬁ‘ﬁﬁ&ﬂlﬁe?%@lrlbéﬁalmﬁ&r&tes the

offaddlinigtaraideikil o theasepanatipikqoasiicrmangdoftheitgphingepoiatd flow
rateNlhig, itlie sHenihawethsot m?ﬂewﬁfésah@ermspllay@eﬂﬁdrby fhergamiethitidefe: and

ﬂ&ﬂm&@l ﬂ?&‘-’&%ﬁ‘}e i ipdeBR i BAPVERVRlithe iplet liqui
rain t1a curves discussed in this are com ute s@% gort a gfﬁ
ra?fp ISR S NERp e %{&%ﬁp%%% FYRSAES AHGRIed RaChanges in th
ligaai ggé@,g@dtm Q@t@rmme if this behavior depends on the spiking concentration.
The drainage potential curves dlscussed in this Work are computed for the tw
alfﬁi %ch{gomﬁge lson ‘iﬁeﬁ ];r)lrla{n elll?loéeﬁgall%l S .:flcx)lreu 1ca(ﬂ I’Eﬂegl (ei}p SSuld ha
same %&%B&E%gaLﬁHgggpotential curves for a total flow rate of 300 L/min and
WCipjet values of 30% (Figure 9a), 50% (Figure 9b), 70% (Figure 9c), and 90% (Figure 9d)
3.20t Heopikat isehubspikedniDFagmagel Ristentiabiessoves footdd s ik ddvOphaerd Spikec
at4PRISaheS HhtdpRPHRER iBhs

For all these cases, it is possible to tap large amounts of water without tapping large .
amd&liglLss Sishewwihe, ArainageRelasiad oLy §seHd b tokal dlom Fateas 390 L/m
Weilare vapped mrﬁta()}fzi)/(Bfghrrmﬂa)WSQ‘i/(sﬁEmthﬂ:p;e&’ 0the Eigrate Aa)yardifdio (Figu

foﬁ?ﬂ@‘é ke G ureied Tl W alsreIue ok pprskionish flow

%gm If 30% fg le@drama £ potential curves are very similar between the unspiked
11 an ggﬁ e largest differences at the WC; o value of 30%. For a

wc?;let dikhese anes. dLisPars ﬁlteotga LR AR Wialer ptheut Japping
amsikatsivthail fdiandMhspikaddues between 50—90%, it seems no significant amount:

are tappedl thetibodiioos presdnikst inhigure tibdha flotapydeedn(theroaahieg thfatatpivertical ).
ewtitinfdt @ Wl and£atos thebsrRiNg WPt PHIbI Sl Ntmta il e B SeaPs much
(a;o& AR 1ft° (drainsg mar;ferr{h é%‘%v“é%t%w‘xtze‘%‘f SRsAme e r PHE unspil

d point an oes not have a b1, on rama e O

dp spiked oil, exhlgltmg the %argest dlfferences a}tj the Wleet value of 30%. For a"
of 30%, the decrease in WC of the tapped stream versus WT is sharper for the spik
than for the unspiked oil.

For all the conditions presented in Figure 9d, the flow pattern approaching tk

ping point is O & W and there are no noticeable dispersion layers. This could be the 1
why it is possible to drain significant amounts of water without dragging oil throu

tapping point and why the spiking does not have a big impact on the drainage pot:
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tapped stARRRHtIAR dedhimesahBiTigagasershanels thsermate tRdiate thatdhenkest of the
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tapping poiNteyore were no significant differences between the drainage potential curves of the
Theggpeergnac.signiticant didéprepcasivvesn dhe dramagerotential wupirsbitce
spiked anmidwinsgitseds @l geRaeps RDheWMlorithy shikedf 30 thd Trrenfesdlon unspikedgipthes,
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is small and the rest is transported as a dispersion in the oil.
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3.3. Drainage Potential Curve—Numerical Modeling Results

Figure 16 shows the drainage potential curve generated numerically for several flow
patterns. Figure 16a shows the curve for a WCintet 70%, assuming an O & W flow pattersi24

100

The curve is vertical, and very similar to the experimental results with WCinlet valtes ot
70% and 90% and total flow rate of 300 L/min. Figure 16b shows drainage potential curves
for Dw/o0 33. IDwyhing ger Ribtent ale mevetidininr dne Mol (W gRpsedfaal to 5%, and oil fraction in
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Figure 16. Model prediction of drainage potential curve for a certain (a) step volume fraction of water
and WC j,1et 70%, (b) step volume fraction of water with 5% uniform contamination of WiO and OiW
and various WCjyjet 30%, 50%, 70%, 90%, (c) step volume fraction of water with different uniform
contamination 1, 5, 10, and 20% of WiO and OiW, WCjyjet 50%, (d) linear water volume fraction
change in phase distribution of transition zone with 0.4 normalized width for four different WCjjet
30%, 50%, 70%, 90%, (e) linear water volume fraction change in phase distribution of transition zone
with different normalized width 0.1, 0.2, 0.4, 0.8 WCjpjet 50%, (f) linear water volume fraction change
in phase distribution of transition zone with normalized width of 0.4 and uniform contamination 1, 5,
10, and 20% of WiO and OiW, WCjpjet 50%.

4. Discussion
4.1. Model Validation

Model-generated drainage potential curves for three sets of data are presented in this
section. Then, the acquired experimental data are used to validate the proposed simplified
model. The Model considers that the phase distribution of pipe cross-section is a three-layer
regime: O & Dw/o (or Do/w) & W as it is shown in Figure 17. The required model inputs
for each condition, the normalized width of transition zone, and the OiW content in the
W layer and the WiO content in the O layer (contamination fraction), are extracted and
estimated from taken photos. Based on model assumptions, the water volume fraction is
considered to change linearly from 1 to 0 and the contamination fraction is uniform.
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Figure 20a shows a comparison between the experimental data and model output for
data set nr. 3. The normalized width of transition zone and phase contamination of phases
vary due to WCinet. There is a fair agreement between experimental data and model—geipz) £24
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1.  Calculate the rate of water flow that can be drained by using the curve to deter-
mine the wanted separated stream water cut.

2. By choosing the desired water flow rate to drain, calculate the water cut of the
separated stream. The performance of a single tapping point can be visualized
via a map of superficial velocities.

Consider an x-y scatter plot where the x axis represents the oil superficial velocity
(Vso), and the y axis represents the water superficial velocity (Vsw). If a specific combination
of oil and water flow rates approaching a tapping point is given (Qtotaly Qwater infet) and
the pipe diameter is known, it is possible to pinpoint a tapping site on the plot (Point 1 in
Figure 21, Vgo1, Vaw1)-
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Appendix B. Simplified Analytical Model to Compute Drainage PotentiZallog}llrves of

Sinele Tappine Point in a Pipe Separator
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The numerical model was built using the commercial software MatLab®.
Appendix B. Simplified Analytical Model to Compute Drainage Potential Curves of a
B SingteiTappingPoint in a Pipe Separator
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Appendix B.1. Assumptions

e  The fluid velocity in the pipe cross\;ffs'og if/,ugi@sni'an; equal to the mixture velocity: (A1
V== |

e  There is no slippage betwéé(ly)the\flaid%?::ﬂ (A1)
* o TheRIRGBnEECBlAkCERsRS ATk

e  The pipe has a circular cross section.
B. 2 Drainage Potential Curve Model

APPSR B1 Ze%%lgg%eelé feich sy Spit %% horizontal slabs, as shown in Figure A6.

The plpe cross section was split into horizontal slabs, as shown in Figure Aé6.

4

o
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Figre Kb Pipe Lo With Bl SR Hidng’y = h.
y is a coordinate measured from the pipe bottom. The area (A) of the cross section can
be dprippatedoridinhtdmegasipedefitodnirtiiqypipmioatiom. The area (A) of the cross sect

can be computed with the integral pre[s)snted in Equation (A2).

A= / wljy-dy (A2)
A=| w(y)-dy (4
where the pipe width at coordinate y is W(y). Phe WC of the mixture stream is:

where the pipe width at coordinate y is. w(y). The WC of the mixture stream is:

WC = total wgter (A3)
L (£

total liquid

| B?%@&%e @Tféfésl%%lgl? fwsmﬁmﬂlgaawﬁa%qfe%&elwmétfﬁma%@ 5ehen can a
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The total liquid drained is:
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The total liquid drained is:

h
Qliguid drained = v / w(y)-dy (A6)
0

and Equation (A7), the total water drained.

Quater drained = WCdmined'Qliquid drained (A7)
In Equation (AS8), the water drained was represented as a proportion of total water.
WT = O/OQwater _ Q:water drained .100 (A8)
total water

B.3. Width Function

The width w of a pipe segment was expressed as a function of y by using the
following relationships:
r = Din/2 (A9)

For the lower half of the pipe, y < Din/2

d=r—y (A10)

w(y) = 2-rsin (arccos(f)) (A11)

For the centerline of the pipe, y = Din/2
w(y) =2-r (A12)

For the upper half of the pipe, y > Diu/2

d=y—r (A13)
w(y) = 2-rsin (urccos <f> ) (A14)

Appendix B.3. Numerical Procedure to Determine the Distribution of Water Volume Fraction along
the Vertical Axis

In the numerical solving process, two parameters were employed:

1.  The approximate pipe area was compared to the pipe’s geometrically determined
cross sectional area, as stated in Equation (A15).

D?
Ageometricul =TT Tm (A15)
Errorqy = ‘Ageometricul — Acalculated (Al6)
E
Relative Errory = _rrora (A17)
Acalculated

2. The inlet WC was estimated using Equation (A18) and compared against input
WC input.

‘Djy
WCiotal calculated = /0 w(y)“(y)dy (A18)
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Errorwc = |Wcinput — WCtotal calculated (A19)

Errorwc
WCCatculated
The Bisection Method described by Mathews et al., (2004) was used to determine
the point of interface, i.e., WC 50%, that yielded an acceptable degree of error in the
distribution obtained, as shown in Equation (A19) [23]. A relative inaccuracy of less than
1% was determined as the acceptable level of error. The pipe’s discretization was enhanced
if relative errors in Equations (A17) and (A20), were greater than 1%

Relative Errorwc = (A20)
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