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ABSTRACT

In oil/water flows with very low water rates, the steady-state water fraction jumps discontinuously from
a low value to a high value when the oil rate falls below the critical value. This jump is understood to be
connected to the existence of multiple solutions, and generally takes place when the oil rate becomes too
low to sustain a low water fraction. We refer to this critical oil flow rate as the onset of water accumu-
lation. Water accumulation in oil transport lines is undesirable because it can lead to corrosion problems
that can threaten the integrity of the installation, potentially leading to oil leaking undetected into the
environment, jeopardizing nearby wildlife and ecosystems. It is therefore critical to maintain a flow rate
that is high enough to prevent water from accumulating in oil lines, and the ability to predict the min-
imum allowable flow rate accurately is thus of great importance. To address this challenge, a new and
unique set of experiments were conducted at the SINTEF Multiphase Laboratory. The experiments were
specially designed to measure the critical conditions for water accumulation in oil/water flows and were
performed with a pipe diameter of 8 inches (194 mm) and a pipe inclination of 2.5 degrees. The fluid
system consisted of Exxsol D60 as the oil phase and regular tap water as the aqueous phase. In these
experiments, the measured critical superficial water velocities were in the range 0.1-2.6 mm/s, while the
critical superficial oil velocities were in the range 0.3-0.5 m/s. We found that the customary approach of
modelling the oil/water interfacial shear stress as a smooth wall was inadequate for predicting these ex-
periments, and that interfacial waves must be considered. The data analysis showed that the onset of in-
terfacial waves is well predicted by Viscous Kelvin-Helmholtz theory, and that a model for the interfacial
shear stress can be constructed with this theory as a starting point. A new model for oil/water interfacial
shear stress was developed based on this data and the associated data analysis. The new model was able
to match the experimental data well and a slightly modified version of it was ultimately implemented in
the commercial multiphase flow simulator LedaFlow.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

cally, if the flow velocity becomes sufficiently low, the water can
separate and accumulate in uphill regions, creating pools of water

Because of the increasing awareness and concern about the im-
pact of fossil fuels on climate change, as well as the depletion of
current oil reserves, oil production is expected to decline substan-
tially in the coming years. Although this trend is desirable from
an environmental perspective, it will have negative consequences
for oil transport lines which have typically been designed for high
throughput. One of the problems that will occur is that the decline
in the flow velocity allows small amounts of water in the system
oil (due to imperfect separation) to segregate out during trans-
port and to accumulate in the inclined parts of the line. Specifi-
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that are essentially stagnant, see Fig. 1. This is a highly undesir-
able situation because free water can lead to corrosion problems
on the inside of the pipe which can ultimately lead to oil leaking
undetected into the surroundings, contaminating the environment
(Magill, 2012). An example where such problems are expected to
occur is the Trans Alaska Pipeline System, which transports oil 800
miles from the North Slope oil fields south to Valdez on Prince
William Sound (Trans Alaska Pipeline System - The facts, 2019). For
that system the ambient temperature is typically sub-zero, and the
near-stagnant water can eventually freeze, yielding an even more
hospitable environment for corrosion. In that scenario, chunks of
ice could also periodically be pushed through the line and possibly
cause damage to pump station equipment (Bluemink, 2010).
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Fig. 1. Illustration of water accumulation in uphill pipe sections.
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Fig. 2. Example of the multiple solutions region in oil/water flows, where multi-
ple water fractions are valid solutions to the steady-state equations for a range of
superficial oil velocities USO.

Efficient mitigation procedures require knowledge about where
and how fast the water can accumulate, and accurate models are
then needed to make such assessments. Indeed, all preventive
measures come at cost, and could threaten the economic viabil-
ity of the pipeline if they become too high. By having predictive
models that can forecast these problems, one can obtain a more
accurate picture of the required expenditures.

The primary physical mechanism that determines whether wa-
ter will accumulate is the interfacial shear stress between oil and
water. When the oil rate is low, the water will settle at the bottom
of the pipe but will continue to flow as a thin film if the interfa-
cial shear stress is sufficiently high. From a practical perspective,
this situation is arguably acceptable because the exposure to cor-
rosion problems are then minimal. However, if the oil rate drops
below some critical value, the water will almost stop moving and
it will instead accumulate (see Fig. 1). This transition can be very
distinct, and at sufficiently low water rates, the transition is com-
pletely discontinuous. We refer to this discontinuous jump as "the
onset of water accumulation”, and in this paper we will present
experiments that explore this phenomenon.

From a modelling perspective, this phenomenon can be ex-
plained by the notion that the steady-state flow equations have
more than one solution in a certain range of oil flow rates
(Barnea and Taitel, 1992) (Landman, 1991) (Ullmann et al., 2003),
see Fig. 2. In the multiple solution region, there are three hy-
pothetical solutions, and the system will then in most circum-
stances "select" the one with the lowest water holdup (Kjelaas and
Holm, 2016). However, below a certain oil flow rate, the low-
holdup-solution ceases to exist, and then the system has no choice
than to approach the high-holdup-solution. If the oil rate drops be-
low this point, the water will accumulate until the high-holdup-
solution is obtained. We will discuss this matter in more detail in
the modelling part of this paper.

In the scientific literature, we have found no articles addressing
the challenge of predicting water accumulation in oil/water flows.
Even the modelling of interfacial shear stress between oil/water
in general seems to be universally neglected in the literature, as
virtually all authors (Brauner et al., 1998) (Hall and Hewitt, 1993)
(Valle and Kvandal, 1995) resort to assuming a smooth oil/water
interface, disregarding the effect of interfacial waves. Taitel et al.
(1995) and Valle (2000), deviated slightly from this basic approach
by introducing a lower limit of 0.014 on the interfacial friction fac-
tor. Zaghloul et al. (2008) simply elected to use a constant value of
0.014. Our data analysis will however show that this simplified ap-
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proach is inadequate for predicting water accumulation in inclined
pipes, because the effect of interfacial waves leads to significantly
elevated values of interfacial shear stress.

In Section 3 of this paper we present a set of new and unique
large-scale oil/water experiments that were specially designed to
identify the onset of water accumulation for different flow condi-
tions. In these experiments we use a special technique that is es-
sentially the same as the one used previously for gas-liquid flows
(Kjolaas et al., 2015).

In Section 4 of this paper we address the modelling of the in-
terfacial shear stress between oil and water, focusing on the pre-
diction of water accumulation in oil/water flows as the main ap-
plication. It should however be emphasized that the oil/water in-
terfacial friction factor is a model that can be used in all scenarios
where oil and water flow as separate phases and can therefore be
important in many other circumstances.

2. The LedaFlow 1D model

In this paper, we have elected to use the 1D multiphase flow
simulator "LedaFlow" (“LedaFlow, " Kongsberg Digital AS, 2020) as
a framework for simulating the new oil/water experiments, and for
addressing the modelling of water accumulation in oil/water flows.
In this section we provide a brief non-exhaustive description of the
what this software does, and what equations it solves.

2.1. Conservation equations

LedaFlow is a transient three-phase flow simulator designed
to simulate multiphase flow in pipes. The transport equations are
solved in one dimension along the flow direction. The flow is gen-
erally represented by nine fields: continuous gas, oil and water,
plus all possible dispersed fields, see Fig. 3.

The 1D mass conservation equations are solved for each of the
nine fields k:

J (A, 0
% +tax (Acypitt) =AY Tpi+ Al exe (1)

ik

Here, A is the cross section pipe area, and oy, p, and u, are
the volume fraction, density and velocity of field k. I'y ; represents
mass transfer terms due to condensation/evaporation, and @'y cy
represents external mass sources.

Each continuous field combined with its two constituent dis-
persed fields is defined as a "zone". For each zone, the associated
momentum equation is solved in the flow direction. In the exper-
iments presented in this paper, the oil and water flow as separate
phases with negligible oil/water entrainment because of the low
velocities. This makes the modelling more straightforward by al-
lowing us to ignore the dispersed fields in our analysis. Indeed, for
the special case of oil/water flow with no mass transfer and no
dispersed fields, the momentum equations reduce to:

%(Aotopouo) + %(Aao,oou,%) = ano%
—Adtop08x — Aoy (Po — Pg) 5 — SoTo — SowTow
B (Actwpwlin) + 2 (Actwputi2) = —Acty 32

—A0tw Pw8x — Aawgy[(Pa - Pg)%i,f + (ow — Po)%‘f’] (3)
—SwTw + Sow Tow

(2)

Here, the indices o and w refer to "oil" and "water", p is the
pressure, gx is the acceleration of gravity in the flow direction, gy
is the acceleration of gravity normal to the flow, h, and h,, are
the respective heights of the oil/water layers, S, and S,, are the
oil/water wall perimeters, Sow is the oil/water interface length, 7,
and t,, are the oil/water wall shear stresses, and T,y is the interfa-
cial shear stress between the oil and the water. For near-horizontal
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Fig. 3. Continuous and dispersed fields in LedaFlow.

flows, the geometrical parameters S,, Sy and, Soy are calculated as-
suming a flat oil/water interface.

In steady-state fully developed flow, the momentum equations
can be simplified further by removing the temporal and spatial
derivatives, except for the pressure derivative (which for obvious
reasons cannot be neglected):

d
0= 7Aa087)lz — Ao 008x — SoTo — SowTow (4)

0
0= fAOlwaf)IZ — Adty pw8x — SwTw + SowTow (5)

The analyses presented in this paper will primarily be based on
Egs. (4) and (5), as the prerequisites for using these equations are
generally fulfilled in our experiments.

2.2. Closure relations

The shear stress terms t,, Ty and T,, are modelled using a
certain set of closure relations in LedaFlow, but we will not de-
scribe those in detail here. Instead, we have for the purpose of this
analysis replaced the usual LedaFlow closure laws with "standard"
closure laws from the literature, and we have thus used LedaFlow
only as a vehicle for solving the 1D transport equations. We found
that our results did not depend critically on the choice of closure
laws, so we have chosen to use quite simple formulations:

The wall shear stress for zone k is in LedaFlow expressed as:

1
Tk = jﬁ(pk|ulcluk (6)

We have in this paper elected to calculate the friction factor f;
in Eq. (6) as:

w 1-w
fe= fk,lam "k turb ™
Here, fy jam is the friction factor for laminar flow:
16
fk,lam = E (8)

and fi qpp is the friction factor for turbulent flow, where we use
the expression proposed by Haland (1983):

1 1

6.9 e
__36. logm[— + ( )] 9)
v fk,turb Rey 3.7Dni

Here, Re, is the Reynolds number which we define as:

Re, = PilDni (10)
129%

Table 1

Fluid properties.
Property Value
Oil density [kg/m3] 795
Water density [kg/m3] 999
0il viscosity [cP] 1.5
Water viscosity [cP] 1

Qil/water surface tension [mN/m] 19

where ) is the phase viscosity and Dy is the hydraulic diameter
which we define as:

4o kA

= (11)
hk S,
Finally, the laminar/turbulent weighting function W is defined
as:
1
W= — (12)

20
1+ (35%)

The starting point for this work is to model the interfacial
shear stress as a smooth wall using the expression described by
Eq. (20) later in this paper. The purpose of this work is however to
find a more appropriate expression for the interfacial shear stress
than the smooth wall assumption.

3. Experiments

In this section we describe the flow loop setups and procedures
used to conduct the experiments.

3.1. Experimental setup

The experiments were conducted in a 94 m long 8" pipe (in-
ner diameter 194 mm) with a 2.5° inclination using Exxsol D60
as the oil phase and tap water as the aqueous phase. The setup
is illustrated in Fig. 4. The pipe was equipped with six pressure-
transmitters (labelled P) that were coupled to a common gas-filled
reference line, six vertically mounted narrow-beam gamma den-
sitometers to measure local water heights (labelled y), and two
traversing gamma densitometers (labelled Ty in Fig. 4). Finally,
temperature transmitters (labelled T) were mounted at the begin-
ning and end of the test section. The thermodynamic properties of
the fluids are listed in Table 1.

3.2. Outlet

The end of the 8" inclined pipe expands into a short 12" pipe
with the same inclination, followed by an 80 cm long 12" horizon-
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Qil Water

Fig. 4. Schematic illustration of the test section used in the experiments.

tal pipe, a 90 degree downward bend and a vertical 12" downward
pipe. Initially we had some concerns about the design of this out-
let, fearing that water might accumulate in the 12" inclined pipe,
which could perceivably influence the flow in the 8" test section.
Specifically, any water that accumulated there could flow back into
the 8" pipe and increase the water content.

However, transient simulations of the experiments using
LedaFlow (“LedaFlow, ” Kongsberg Digital AS, 2020) showed that
gas would always be present at the top of the 12" pipe, so that
the available area for the liquid actually decreased in the 12" pipe,
yielding increased flow velocities instead of decreased velocities.
Based on this analysis, there was thus no real danger of water
accumulating there, and the pipe expansion was ultimately not
considered a problem. Also, had this actually been a problem, we
would have readily noticed it during the experiments.

3.3. Gamma densitometers

All the gamma densitometers consisted of a Caesium radiation
source on one side of the pipe and a photon detector on the other
side. The attenuation of the photon beam decreases exponentially
with the density of the medium between the source and detector,
allowing us to measure the average density along the rays’ travel
path. By recording the photon count rates with pure oil and pure
water in the pipe, the measured photon rates in oil/water exper-
iments could be converted to water fractions, which is what we
show in this paper.

The gamma densitometers were collimated on both the source
side and the detector side. With this type of arrangement, scat-
tered photons rarely reach the detector, and the prevailing accu-
racy has been shown to be about 0.02 for oil-water systems. All
gamma densitometers were logged at 50 Hz, and the traversing in-
struments scanned the pipe from bottom to top with a constant
velocity of 0.4 mm/s.

Example results from a traversing gamma densitometer (top
graph) and a vertically mounted static gamma densitometer are
shown in Fig. 5 (bottom graph). The traversing gamma densitome-
ter gives the time-averaged water fraction profile, while the static
gamma densitometer gives the instantaneous water height. We ob-
serve that the oil and water flow as separate phases, with signifi-
cant waves on the surface (the diffuse interface observed with the
traversing gamma is caused by waves). The total water fraction was
obtained by integrating the water fraction profiles over the pipe
cross section.

3.4. Steady-state experiments

Steady state experiments are experiments designed to obtain
the phase fractions and pressure drop at steady (non-transient)
conditions. These types of experiments are the most common ones
for studying multiphase flows. At the low flow rates examined in
this paper, flow transients can be very slow, and it was therefore
very important to allow the flow to stabilize for sufficiently long

D=8", #=2.5°, US0=0.3 m/s, USW=0.01 m/s

Traversing gamma densitometer|

0.8 .

0 0.2

y/D[]

Static gamma densitometer

Water height [-]

0 L . . .
0 20 40 60 80 100

Time [min]

Fig. 5. Example results from a traversing gamma densitometer (top graph) and a
vertically mounted static gamma densitometer (bottom graph).

before recording the experiments. The stabilization times between
experiments were typically around 20-30 minutes.

3.5. Screening experiments

In previous publications (Kjglaas and Holm, 2016) (Kjelaas et al.,
2015), we have used the term "screening experiments" for ex-
periments designed to find the discontinuous transition between
high and low holdup in low liquid loading flows. Although this
term is arguably not a very descriptive one, we continue to use
it here for consistency. In this paper we use the term in the con-
text of oil/water flows (as opposed to gas-liquid flows). In other
words, the experiments described here are essentially equivalent to
those presented in Kjolaas et al. (2015), except that the gas/liquid
system has been replaced by oil/water, and the current objective
was to find the discontinuous transition between high and low
water fraction for low water rates.

As mentioned in the introduction, the discontinuous transition
between low/high water holdup is closely connected to the exis-
tence of multiple holdup solutions, i.e. that more than one flow
configuration is in principle possible for a set of boundary condi-
tions. We discuss this in more detail in Section 3.7.

The main principle of this experiment technique is that we per-
form measurements in a quasi-steady-state situation, with a high
water holdup in the first part of the pipe, and a low holdup further
downstream (see Fig. 6). Here we are in practice in a transient sit-
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Fig. 6. Illustration of a screening experiment in two-phase oil/water flow.

uation, where the flow is transforming from a high water holdup
to a low water holdup, or vice versa, depending on the overall wa-
ter mass balance in the pipe. The key aspect of this experiment
is that we measure the superficial water velocity out of the pipe
(USWour)-

The reasoning behind this experiment technique is based on the
observation that USWgyr is decoupled from USWy in this situation
(USWyy being the superficial water velocity at the inlet). That im-
plies that we can adjust USW,y to match USWqyr, so that the water
front in the pipe becomes stationary. Starting from this scenario,
any small increase in USWjy will cause the liquid front to move
towards the outlet, eventually giving a high solution in the entire
pipe. Conversely, a small decrease in USW;y would cause the lig-
uid front to move towards the inlet, giving a low solution in the
entire pipe. Based on this reasoning we can conclude that the crit-
ical USO/USW pair given by USO and USWqyr defines the "tipping
point" where the flow goes from a high holdup solution to a low
holdup solution.

Building on these considerations, the following procedure was
used to measure the onset of the water accumulation in two-phase
flow:

o We started with an oil-filled pipe and set USO to a constant
value.

We injected water at a relatively high rate (USW~0.02 m/s), so
that the water built up at the inlet, and a water front (hydraulic
gradient) propagated towards the outlet. When the water front
was around the middle of the pipe, we stopped the water in-
jection.

We then waited until the water rate out of the pipe was steady,
in order to obtain a suitable time sequence for calculating the
average value of the net water flow rate in/out of the pipe. We
will explain how we calculated the water flow rate out of the
pipe in Section 3.6.

The measured outlet water flow rate (USWqyr) combined with
the current USO was subsequently interpreted as a "critical"
USO/USW pair, where the flow transforms discontinuously from
a high holdup to a low holdup.

Next, USO was ramped up to a new value, and a new value for
USWoyr was obtained, and so on.

If the oil rate had been ramped up to the point where only one
solution was possible (with a low water fraction), the excess water
would presumably have been pushed out from the inlet. We did
not try this in these tests, but earlier experiments with gas/liquid
have shown this to happen (Kjglaas et al., 2015). The reason this
happens is that the high-holdup solution is no longer a valid so-
lution at those conditions, and it is thus impossible to maintain a
stable water front as we do in these screening experiments.

3.6. Calculation of the outlet water rate

In the current experiments we did not have a designated sys-
tem for measuring the outlet water rate USWoyr, so we had to
come up with an alternative method for obtaining this parame-
ter from the available instrumentation. We found that a good ap-
proach was to use the available pressure measurements:
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Fig. 7. Pressure difference over the water front plotted versus time for a selected
experiment.

We define the water volume V,, as the total amount of water
between the first and last pressure transmitter on the test section,
and we define the distance between these pressure transmitters as
AXx. The associated volume balance can be written as:

v, do

— — AAx—2 = A(USWjy — USWoyr) (13)
dt dt
where A is the cross-sectional area of the pipe, oy is the
average water fraction between the pressure transmitters, and
USW,n/USWqyr are the superficial water velocities infout of the vol-
ume V,,. Note that in the experiments in question, the water front
illustrated in Fig. 6 was always somewhere between these pressure
transmitters. Rearranging Eq. (13), we obtain:

da

USWour = USWyy — Axd—t‘"’ (14)

The pressure difference AP that we measure can be safely as-
sumed to be dominated by gravity because of the low flow rates.
This pressure difference is then given by:

AP~ [otwpw + (1 — aw) polgsing - Ax (15)

Here, p, and py, are the oil and water densities, g is the
gravity acceleration, and ¢ is the pipe angle. By differentiating
Eq. (15) with respect to time, we get:

dAP doty,

T ~ Apgsing - AxW (16)
A slight rearrangement of Eq. (16) yields:
doty 1 dAP
—_— N —— 17
Xt Apgsing dt (17)
Finally, we substitute Eq. (17) into Eq. (14), yielding:
1 dAP
Wour =USWN — ——— - —— 1
USWoyr = USWiy Apgsing  dt (18)

In other words, we can estimate the water rate out of the pipe
by measuring the rate at which the pressure difference across the
water front varies in time. Fig. 7 shows an example of how the
pressure difference decreases over time. The process is very slow,
so these measurements must be conducted over relatively long
time scales to obtain accurate results (typically 1-2 hours).

3.7. Interpretation of the screening experiments

We will in this section describe our interpretation and under-
standing of the screening experiments, and how they relate to
steady-state point model predictions.

The bottom graph of Fig. 8 shows an example of a transient
simulation of a screening simulation with LedaFlow (“LedaFlow, ”
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Fig. 8. Example of LedaFlow simulation results. The top plot shows the water
holdup (red line) plotted against USO (all solutions) for USW=0.46 mm/s as pre-
dicted by the LedaFlow point model. The bottom plot shows a time-averaged pic-
ture of a screening simulation where USO=0.37 m/s and USW=0.46 mm/s.

Kongsberg Digital AS, 2020), with USO equal to 0.37 m/s. The tran-
sient simulation is conducted in qualitatively the same way as the
experiment, where a water front has been established in the pipe.
The plot shows the predicted time-averaged water fraction profile
after the water front has been established.

In this simulation, the water rate at the outlet was found to be
USWqyr=0.46 mm/s. When adjusting the inlet water rate to match
USWoyr, the oil/water front in the pipe was observed to remain
stationary, as expected. We may thus conclude that for this sim-
ulated case, the critical USO (USOc¢) is 0.37 m/s when USW=0.46
mmy/s.

The red curve in the top graph shows steady-state simulation
results obtained by solving the steady-state flow equations de-
scribed in Section 2.1. The conditions assumed here were the same
as in the transient simulation, and USW was set exactly equal to
the recorded outlet rate (USW=0.46 mm/s).

We observe here that the steady-state equations have three
possible solutions in a certain range of USOs. The blue vertical
line indicates the value of USO that was applied in the transient
simulation (0.37 m/s), which is the critical USO where the wa-
ter holdup switches between a high and low value. This blue line
intersects the red curve at the very start of the multiple solu-
tion region, indicating that the transition between low/high water
holdup occurs at the start of the multiple solution region, i.e. that
the low solution is "preferred".

The two black lines in the top graph of Fig. 8 indicate the wa-
ter holdups found before and after the water front in the transient
simulation (the location where these values were taken is indi-
cated by the black lines in the bottom plot). These black lines in-
tersect the red curve in the same place as the blue line, showing
that the water holdup upstream of the liquid front corresponds to
the high holdup solution, while the water holdup downstream of
the water front represents the low solution (at the accumulation
point).
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Fig. 9. Experimental and simulated outlet water rate plotted against USO for the
screening experiments.

These results are consistent with our current understanding of
how multiple solutions work, i.e. that the transition between low
and high holdup occurs at the start of the multiple holdup solu-
tion region. Many dynamic simulations have been carried out us-
ing LedaFlow to confirm this matter, changing the flow rates and
examining which holdup solution prevails. The results from these
simulations have turned out to always be the same, namely that
the transition between the high/low holdup solution occurs at that
exact location.

Our understanding is that the reason for this "low-holdup-
preference" has to do with the outlet boundary condition. Specifi-
cally, if the geometrical configuration of the outlet allows the wa-
ter to flow out, yielding a low water holdup at the outlet, the low-
holdup-solution will prevail. This has to do with the so-called level
gradient forces (the dh/dx-terms in Eqs. (2) and (3)), which try to
make the interfaces horizontal, yielding a force on the water zone
in the flow direction.

We have also simulated scenarios where the test section is fol-
lowed by a pipe with an even higher inclination. In this situation
we have found that the water holdup solution in the first pipe de-
pends on the water holdup in the second pipe. Specifically, if the
water holdup in the second pipe is high, the water holdup in the
first pipe also remains high if such a solution is possible. The rea-
son this happens is presumably that the level gradient force on
the water at the junction now points in the opposite direction, and
that water is not allowed to drain naturally from the first pipe. This
"low-holdup-preference” is thus not a general trait of multiple so-
lution scenarios, but rather a consequence of the outlet boundary
condition, which in most circumstances will facilitate a low water
holdup.

We may add that the low-solution preference is supported ex-
perimentally by Johansson et al. (2013), where the authors went to
great lengths to uncover hysteresis in these circumstances, but no
hysteresis was ever found.

3.8. Experimental results

Fig. 9 shows the results obtained in the experiments, where we
have plotted the outlet water rate versus the oil flow rate. The
black markers are the experimental data, while the blue dashed
lines are predictions made using the smooth interface model. The
interpretation of these results is that water accumulates in the re-
gion to the left of these curves, while the low-holdup-solution pre-
vails on the right-hand side. It is quite clear from these results that
modelling the interface as a smooth wall yields overly "pessimistic"
results.
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Fig. 10. Experimental and simulated water fraction plotted against USO for the
steady-state experiments.

Fig. 10 shows the results from steady-state experiments, where
the superficial oil velocity USO was varies from 0.1 to 1.0 m/s,
while superficial water velocity USW was fixed to 0.01 m/s. We
observe that the "smooth model" severely over-predicts the water
holdup, indicating that the interfacial shear stress is too small.

4. Data analysis and modelling

In this section we analyse the experimental data presented in
the previous section to obtain values of the interfacial friction fac-
tor for the different cases, and we subsequently use those values
to derive a new model for the oil/water interfacial shear stress.

4.1. Calculating the interfacial friction factor from steady-state
experiments

The standard method for calculating the interfacial friction fac-
tor f; from steady-state multiphase experiments is to insert a mix-
ture of measured quantities and closure relationships into the
steady-state momentum equations, and back out the interfacial
shear stress. There are several possible ways of doing this, but the
approach that we used in this paper was to combine the oil/water
momentum Egs. (4) and ((5)) and eliminate the pressure gradient.
Re-arranging the terms of the prevailing equation yields the fol-
lowing expression:

A(Pw — 00)8x + %Tw - %To

Sow 4 Sow
C(W+Oto

(19)

ow =

By inserting the closure laws summarized in Section 2.2, the in-
terfacial shear stress 7., was backed out, and the interfacial fric-
tion factor could subsequently be calculated using Eq. (23).

The main weakness of this approach is that the results depend
a great deal on the validity of the closure laws that we have sup-
posed, as well as the accuracy of the phase fraction measurements.
The latter issue is especially a problem when one of the phase frac-
tions is small, because the measurement error for the small phase
fraction can then yield very high relative uncertainties in the fric-
tion factor estimates.

Because of these weaknesses, this approach is not the primary
one used in this paper. Instead we mainly base the modelling on
the approach outlined in the next section. Also, it should be men-
tioned that several of the steady-state experiments were excluded
from this analysis on the grounds that the prevailing uncertainties
in the friction factor estimates were so large that the friction factor
values were arguably not meaningful.
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Fig. 11. Illustration of the procedure for calculating the interfacial friction factor
from screening experiments.

4.2. Calculating the interfacial friction factor from screening
experiments

The uncertainty problems listed in the previous section are
largely mitigated with the approach that we utilize here, which is
identical to the method used in Kjglaas and Holm (2016). In simple
terms, the procedure that we use to calculate the oil/water interfa-
cial friction factor is to "guess" the value of the interfacial friction
factor until the predicted water accumulation point (the start of
the multiple holdup solution region) matches the measured value.
Fig. 11 illustrates how this works. Here we plotted water holdup
curves with all solutions for a certain water flow rate (which was
measured in the experiment), using different values of the inter-
facial friction factor. The vertical dashed line represents the mea-
sured superficial oil velocity. The procedure is simply to find the
value of f; that makes the model match the measured accumula-
tion point. In the example provided in Fig. 11, the black line (f;
=0.01) gives the best match.

It should be noted that this interfacial friction factor only ap-
plies to the low-holdup solution, and not to the high-holdup so-
lution. The reason for this is that the water flow rate out of the
pipe in the screening experiments are exclusively determined by
the force balance on the liquid film downstream of the gas/liquid
front. Consequently, it is the oil’s ability to pull this water film that
we have measured, and the flow in the high-water-holdup region
is decoupled from this.

We must also mention that in this analysis, we have in principle
assumed that the selected closure laws for the wall shear stresses
are correct. This is however of minor concern, as the results have
been found to be only weakly coupled to the wall shear stresses.

It is also worth noting that in the experiments addressed in this
paper, there is essentially no droplet entrainment, meaning that
the experimental results can be assumed to be a sole product of
friction and gravity forces. If there was significant entrainment in
these experiments, the associated momentum transfer would have
to be accounted for in the analysis, which would be an exceedingly
difficult task.

4.3. Smooth oil/water flow

The underlying idea behind modelling interfacial shear stress is
that the interface can be viewed as a moving wall from the per-
spective of the phases on each side of the interface. Specifically,
if the interface is smooth, i.e. with no interfacial waves, it can be
modelled as a smooth wall. On the other hand, if there are waves
on the interface, those waves will tend to increase the interfacial
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friction coefficient for the same reason as a rough wall will in-
crease the wall friction. In LedaFlow, we use the following expres-
sion for the interfacial friction coefficient f; gm0 for smooth inter-
faces:

Pow f (Re,) f (Rew)
2
[V/rofRea) + /o Rew) |

Here, the interface density pow is defined as:

Pow = +/LoPw (21)

Here, Re, and Re, are the Reynolds numbers for oil and wa-
ter, and f(Re,) and f(Rey) are smooth wall friction factors obtained
from the wall friction model described by Eq. (7), based on oil-
and water zone properties and the respective velocities relative to
the interface (uo-u; and uy-u;), where the interface velocity u; is
defined as:

u = \/pof(Reo)uo + \/pwf(Rew)uw

(20)

fi.smooth =

(22)
V/0of (Reo) + / pu.f (Rew)
Finally, the interfacial shear stress t; is expressed as:
1
Ti = 5 fibow|to — Uw (Uo — Uw) (23)

In the case of a smooth interface, the interfacial friction coeffi-
cient f; takes on the value of f g0, While if there are waves on
the interface, a higher value is expected.

A key aspect of this formulation is that it is symmetrical with
respect to the oil/water phases, so that interchanging the oil and
water properties leads to the same expression.

4.4. The onset of oil/water waves

The primary challenge with modelling the interfacial shear
stress is to incorporate the effect of interfacial waves on the inter-
facial friction factor. Here, the first question that we must address
is:

Under what conditions does the interface go from smooth to
wavy?

To answer this question, we turn to Viscous Kelvin-Helmholtz
(VKH) analyses, which is the study of wave growth. In the present
analysis, we use the expression derived by Funada & Joseph
(Funada and Joseph, 2001), who included the effect of surface ten-
sion and viscosity on the normal stress, while neglecting the ef-
fects of the shear stresses. Using these assumptions, they showed
that the onset of waves with a dimensionless wave number k
(made dimensionless using the pipe diameter D) occurs when the
slip velocity Au exceeds uc, given by:

Po doty

2
2 [tanh(kuo)-i- /‘f—stanh(k-aw)] 1<1 kz) Ap-g dhy,
Eo

" tanh (k-ato) + (%)2% tanh (k- ow) k Eo
(24)

Here, 1, and py are the oil/water viscosities, Eo is the Eotvos
number (Eo=ApgD?/o,w) and hy, is the water height. It should
be noted that the original expression provided by Funada &
Joseph was derived for channel flow and is slightly different from
Eq. (24) which has been adapted to pipe flow.

In order to deduce the onset of waves from Eq. (24), we must
select a certain (dimensionless) wave number k. The logical choice
here is to select the wave number that gives the lowest value for
uc, since the first waves that will grow on the interface will have
that wave number. Fig. 12 shows an example of how the wave on-
set velocity u. typically depends on the wave number.

We observe that uc has a minimum, and we can say that the
wave number at that minimum represents the "most dangerous”
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Fig. 12. Example of how the wave onset velocity u. varies with the dimensionless
wave number k.

wave. It is possible to determine this critical wave number k. by
solving the equation du./dk=0, but unfortunately, this equation
does not have an analytical solution. We could alternatively elect
to solve this equation numerically, but we have found that the crit-
ical wave number can be approximated well by first assuming that
k is large compared to the volume fractions. For large k, the tanh-
terms in Eq. (24) can be replaced by unity, and it is then a straight-
forward exercise to show that the critical wave number k. is given
by:

ApgD?

k? ~ Eo=
Oow

(25)

Here, D is the pipe diameter and o, is the oil/water surface
tension. The wave onset velocity u. can then be found by substi-
tuting the dimensionless wave number k in Eq. (24) by the wave
number given by Eq. (25):

[tanh (k- @) + 4= tanh (k. - Otw)]2

. 2 Apg dn,
° tanh (ke - 0o) + (%)2 Be tanh (ke - ) ke po day
(26)

4.5. Modelling of wavy oil/water flows

We now have an expression for estimating the wave onset ve-
locity u¢ (Eq. (26)), and we may presume that waves will appear as
soon as the oil/water slip velocity exceeds that value. This means
that the interfacial friction coefficient will at that point depart
from the smooth model given by Eq. (20) and become larger. A
reasonable guess for how the interfacial friction coefficient could

be formulated is:
Auucﬁo>i| 27)
Uc

fi = fi.smooth |:l +C- max (

Here, C could either be a constant or some function of the
flow parameters. This particular formulation provides a transition
from smooth to wavy flow that is consistent with the VKH analysis
above. Furthermore, this model assumes that the interfacial friction
coefficient increases with the "distance" from the onset, where the
distance is represented by the dimensionless group Au/u.. We re-
fer to the second term inside the parenthesis in Eq. (27) as the
"wave factor". We use this term because it is a factor that describes
how the friction factor departs from the smooth model in the pres-
ence of interfacial waves.

In Fig. 13 we have plotted the experimentally obtained wave
factor against Au/uc-1. Notice that the parameter selected for the
x-axis is the same expression that we have used in the wave fac-
tor in Eq. (27). The wave factors line up very well for all the data
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Fig. 13. Wave factor plotted versus Au/uc-1. The black dashed line indicates the
shape of the new model.

points calculated from the screening experiments, and the black
dashed line that we have drawn through these points intersects
the origin. The slope of this line corresponds to the coefficient C in
Eqg. (27), and the data suggests that a value of C=4.0 gives the best
fit. This result is encouraging, because this means that the wave
factor approaches zero when the slip velocity approaches the wave
onset velocity uc, which is what is supposed to happen. This lends
credence to the analysis used to determine u., and it suggests that
the simplifications made in that analysis are reasonable.

It is worth noting that we first attempted using Inviscid Kelvin-
Helmholtz analysis instead of Viscous Kelvin-Helmholtz analysis,
but then the line through the data points did not intersect the ori-
gin. Consequently, including the effect of viscosity on the normal
stresses seems important in this analysis.

We observe that data points at higher slip velocities (the black
circles, which are from the steady-state experiments with high
holdup) do not collapse on the same line. Indeed, given the scatter
in those points it is not possible to draw a line that intersects all
of them, but the average value for this cluster of points is around
7.0. The reason that these data points do not line up so well is not
clear, but the most likely explanation is that the interfacial shear
stress is a more complex matter at high water holdups. Indeed, the
interfacial waves at high water holdups have large amplitudes and
may depend on other factors than what we have assumed in our
model. Also, as we have pointed out earlier, the procedure used
to calculate those points has some significant weaknesses. In any
case, it seems that a reasonable extension of the model described
by Eq. (27) may be to introduce a plateau, as the black dashed line
shown in Fig. 13 indicates. The final version of the model is thus:

Au —uc
—n 0), 7.0“ (28)

fi = fismootn [1 + min [4.0 - max (

4.6. Model verification

In this section we show the results obtained with the new
model proposed in the previous section (Eq. (28)). The data shown
in this section is the same data that we used to derive the model,
so we perform this exercise only to verify that our analysis was
carried out correctly.

In Fig. 14 we show the outlet water rate plotted against USO for
the screening experiments. The black circles are the measured val-
ues, while the blue triangles and red squares are predictions using
the smooth interface model and Eq. (28), respectively. We find that
the new model matches the measured values well, certainly much
better than the smooth interface model.
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Fig. 14. Experimental and simulated outlet water rate plotted against USO for the
screening experiments. The red squares represent the results obtained with Eq. (28).
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Fig. 15. Experimental and simulated water fraction plotted against USO for the
steady-state experiments. The red squares represent the results obtained with
Eq. (28).

In Fig. 15 we show the results from the steady-state experi-
ments, where USO was varied from 0.1 to 1 m/s, using a fixed
superficial water velocity of USW=0.01 m/s. The black circles rep-
resent the measured values while the thin blue line and thick
red line are the predictions using the smooth interface model and
Eq. (28), respectively. Again, we see that the new model clearly
outperforms the smooth interface model. The new model does
however slightly under-predict the water fraction for the highest
oil rates. The reason for this is unclear, but it could be due to
weaknesses in the applied wall friction model.

In Fig. 16 we have combined the results shown in Fig. 14 and
Fig. 15 to illustrate more clearly what the screening experiments
actually represent. In each of the graphs in this figure we have
plotted the water fraction versus the superficial oil velocity for dif-
ferent values of USW (which is indicated as text in each graph).
Most of the data points shown in these graphs are actually taken
from the steady-state experiments conducted with USW=0.01 m/s,
but we have taken the liberty to include them in these graphs be-
cause the water holdup on the high-holdup branch is known to
be virtually independent of the water rate at such small superfi-
cial water velocities. This is something that we have observed in
the experiments, and the model results that we have included in
these graphs confirm this result. In other words, if we had per-
formed steady-state experiments at all the designated water rates,
the prevailing water fractions in the high-holdup-region would
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Fig. 16. Water fraction plotted against USO for various USW-values. The thick red
lines represent the results obtained with Eq. (28).

presumably have been indistinguishable from the values obtained
at USW=0.01 m/s. The physical rationale for this assumption is
that at these low water rates (USW<0.01 m/s) the water velocity
u,=USW/a,, is necessarily very low when the water holdup «, is
high, and may thus be reasonably approximated by a value of zero
in the momentum equations. The prevailing momentum balance,
and by extension the water holdup, is thus virtually independent
of the value of USW in this situation.

The last two (right-most) data points in each graph in
Fig. 16 are taken from the screening experiments, where the
high value is the measured water fraction upstream of the water
front, and the low values is the measured water fraction down-
stream of the water front. These water fraction data points from
the screening experiments were obtained by converting the wa-
ter heights measured by the static gamma densitometers into
volume fractions by assuming a flat interface. As illustrated in
Fig. 8, these two water fraction values represent the high/low
solutions at the accumulation point. We have included no dat-
apoints beyond the accumulation point because the data points
obtained with USW=0.01 m/s would generally not be compara-
ble to values obtained at lower USW on the low-holdup-solution
branch.

The thin blue lines are predictions using the smooth interface
model, while the thick red lines are predictions obtained using
Eq. (28). We have elected to show all three water holdup solu-
tions in these graphs, where the dashed part of the curves rep-
resents the solutions that are not relevant for these experiments.
As expected, we observe that the predictions obtained with the
new model is in good agreement with the experimental values,
while the smooth interface model is clearly unsuitable for predict-
ing these types of scenarios.
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5. Conclusions

In this paper we have described a set of oil-water experiments
conducted at the SINTEF Multiphase Laboratory in a 94 meter long
8" pipe. The experiments were specially designed to measure the
critical conditions for water accumulation in oil/water flows. The
experiments were performed at a pipe inclination of 2.5 degrees
using Exxsol D60 as the oil phase and tap water as the aqueous
phase.

The data showed that the critical oil velocity for water accumu-
lation increases with increasing water flow rate. The data analysis
also showed that a "smooth" interfacial friction factor is unsuit-
able for predicting the onset of water accumulation, and that the
effect of interfacial waves must be incorporated to model such sce-
narios. We found that the onset of interfacial waves is accurately
predicted by the Viscous Kelvin-Helmholtz theory described by Fu-
nada & Joseph (Funada and Joseph, 2001).

Based on this data analysis, a new model for oil/water interfa-
cial shear stress was developed, and this new model significantly
improves the agreement with the measurements compared to the
smooth friction factor. A slightly modified version of this model
has since been implemented in the transient multiphase flow sim-
ulator LedaFlow (“LedaFlow, ” Kongsberg Digital AS, 2020).
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