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A B S T R A C T

The methodology and the results of an experimental campaign aimed at characterizing a two-phase flow of
an oil-water-mixture in downward inclined pipes are here described. The goal was to assess the effects of the
downslope on an oil-water stream in terms of flow patterns, pressure gradients and phase holdup inside a
40 mm I.D. pipe. The experiments ranged within (0.56 − 1.06 𝑚

𝑠
) and (0.66 − 1.33 𝑚

𝑠
) oil and water superficial

velocities, respectively. The transition from annular to stratified-wavy flow pattern was analyzed and showed
to occur at lower oil velocities with respect to the horizontal configuration. The frictional pressure gradients
were measured, the results compared to mechanistic and empirical models showed to be in good agreement.
The phase holdups were measured by quick-closing valves and compared to horizontal configuration results
and literature models. Eventually, the drift-flux model was implemented confirming its applicability and a
relationship for the of oil holdup was derived.
1. Introduction

A huge amount of unexploited unconventional hydrocarbon re-
sources is represented by heavy oil, which is crude oil that has a
viscosity higher than 20 cP and an API gravity lower than 22.3◦.
The incorporation of such resources into the energy market will be
needed to replace the declining production of conventional light and
middle oil reservoirs (Martínez-Palou et al., 2011; Saniere et al., 2004).
However, among the many oil-water two-phase phenomena involved
in the petroleum industry, the main technological issue for the ex-
ploitation of such crude oils regards the transportation by means of
pipelines (Bannwart, 2001). In fact, huge pumping power and costly
additional actions to ensure the flow are required to continuously
transport crude oil through pipelines. A promising tool to handle the
problem is the lubricated piping, in which oil-water core-annular (CAF)
flow regime is established. Since water surrounds the oil core and wets
the internal pipe walls, the longitudinal pressure drop in the pipeline
is reduced down to one comparable to the flow of water alone in the
pipe at the mixture total flow rate. On the other hand, this pressure
reduction capability is lost when the transition to stratified-wavy flow
occurs, resulting in a sudden increase in the pressure drop (Sotgia et al.,
2008).

In this context, the widespread occurrence of multiphase flow in
industrial applications and the specific transportation problem of heavy
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oils has motivated extensive research in the field. However, most of the
previous studies on oil-water core-annular flow have been performed
in horizontal and vertical pipe configurations, whereas not much is
known about the characteristics of oil-water flow in either upward
or downward inclined conditions. Therefore, the present work aims
at filling the gap characterizing the oil-water core-annular flow in a
downward inclined pipe.

In more detail, the objectives of the work are:

• The development of a suitable experimental facility and proce-
dure to perform pressure drop and phase holdup measurements;

• The experimental determination of the flow patterns, pressure
gradients and phase holdup during two-phase flow of very viscous
oil-water mixture in downward inclined pipe configuration;

• The assessment of the locus of the critical transition from annular
to wavy-stratified flow;

• The comparison of the experimental results of phase holdup and
distributed pressure drop with existing empirical and mechanistic
models found in the open literature.

2. Literature review

A summary of the past experimental works present in the open
literature on oil-water flow is provided in Table 1, while the models
vailable online 16 April 2023
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Nomenclature

𝑃𝑎 Dimensionless water pressure (–)
𝐵 Buoyancy term (–)
𝐶0 Distribution parameter (–)
𝐷 Diameter (m)
𝑓𝐷 Darcy friction factor (–)
𝑔 Gravitational acceleration (m/s2)
𝐻 Phase holdup (–)
𝐽 Superficial velocity (m/s)
𝐿 Length (m)
𝑚 Viscosity ratio (–)
𝑝 Pressure (Pa)
𝑞 Flow rate ratio (–)
𝑅 Pressure drop reduction factor (–)
𝑅𝑒 Reynolds number (–)
𝑈 Actual phase velocity (m/s)
𝑉 Volume (m3)
𝑌 Gravitational component (–)
𝑧 Pipe axis coordinate (m)

Greek

𝛽 Inclination angle (–)
𝜒2 Lockhart-Martinelli parameter(–)
𝜇 Dynamic viscosity (Pa s)
𝛺 Cross sectional area (m2)
𝜌 Density (kg/m3)
𝜀 Volume input fraction (–)

Subscripts

𝑎 Annulus
𝑐 Core
𝐷 Darcy
𝑓 Frictional
𝑚 Measured
𝑚𝑖𝑥 Mixture
𝑜 Oil
𝑠 Pipe wall
𝑤 Water

evaluated in this work are reported in Table 2. It is seen that very few
experimental research is published regarding oil-water inclined flow.

Sotgia et al. (2008) experimentally analyzed oil-water core-annular
flow in horizontal pipes, providing flow patterns maps, pressure drop
measurements and an empirical criterion to identify the transition
boundary from annular to wavy-stratified flow pattern. Grassi et al.
(2008) presented the flow pattern map and pressure drop analysis for
high viscosity oil-water flow through horizontal and slightly inclined
pipes. No particular deviations related to the inclination angle were
found in terms of flow patterns and pressure gradients. They used the
two-fluid model to predict pressure drop in the case of annular flow
but did not draw any conclusion regarding the transition boundary to
stratified flows. Rodriguez et al. (2009) studied horizontal and vertical
oil-water core-annular flows. They measured the pressure drop for
different pipe diameters and materials. They suggested a more refined
model to predict frictional pressure gradient, starting from the one
proposed by Prada and Bannwart (2001). The results of an field-scale
experiments with a steel pipe were also discussed. Strazza et al. (2011)
provided an experimental analysis of very viscous oil-water flow in
horizontal and slightly inclined systems in terms of pressure gradients,
2

flow maps and phase holdup. They compared the experimental results
of pressure gradients and phase holdups to the predictions of the main
mechanistic and empirical models from the open literature. Ghosh
et al. (2011) conducted experiments on the downflow of oil-water
mixtures in vertical glass pipes. The pressure drop and flow patterns
were analyzed and the Two-Fluid model was used to predict the fric-
tional pressure gradient. An empirical correlation was also proposed
to improve predictions. Colombo et al. (2012) studied the transition
from annular to wavy-stratified oil-water flow within horizontal and
slightly upward inclined pipes. Flow pattern visualization were taken in
order to develop flow pattern maps. The transition boundary between
annular and wavy-stratified flow pattern was analytically determined
and overlapped to flow pattern maps showing a good agreement.

Regarding predictive models, the following were taken from the
literature, representing respectively a fully empirical approach and a
mechanistic design.

2.1. Arney et al. (1993)

Arney et al. (1993) measured the pressure drop and holdup of
viscous oil-water mixture on an horizontal pipe with different input
flow rates. An empirical correlation for water holdup 𝐻𝑤 in terms of
input water fraction 𝜖𝑤 that fits a large set of experimental data was
thus proposed by the authors:

𝐻𝑤 = 𝜖𝑤[1 + 0.35(1 − 𝜖𝑤)]. (1)

This empirical formulation has been validated by many other re-
searchers on new experimental results, providing good estimations.

Given a reliable estimate for the holdup, the authors developed a
model for the prediction of pressure gradient of oil-water vertical core-
annular flow. An analogy to the Reynolds number was provided by
applying the Navier-Stokes equation to the perfect liquid-liquid laminar
core annular flow (PCAF) for both upward and downward core flows.

𝑅𝑒∗ =
(

𝜌𝑚𝑖𝑥𝐷𝐽
𝜇𝑤

)

[1 + 𝜂4(𝑚 − 1)] (2)

=
𝐷𝑜
𝐷

=
√

1 −𝐻𝑤 (3)

𝑚 =
𝜇𝑤
𝜇𝑜

(4)

𝜌𝑚𝑖𝑥 = 𝜌𝑤𝐻𝑤 + 𝜌𝑜(1 −𝐻𝑤) (5)

where 𝜌𝑚𝑖𝑥 is the mixture actual density, 𝐽 is the mixture superficial
velocity and 𝐷𝑜 is the oil core diameter. The Darcy friction factor 𝑓𝐷
is expressed, in case of laminar-laminar CAF, by:

𝑓𝐷 = 64
𝑅𝑒∗

− 𝐵. (6)

While for laminar-turbulent flow with the Blasius formulation:

𝑓𝐷 = 0.316
𝑅𝑒∗0.25

− 𝐵 (7)

here B is the additive buoyancy term that is introduced for inclined
lows. The inclination angle 𝛽 is considered through sin 𝛽, to get the
omponent of gravitational force parallel to the flow.

=
2𝛥𝜌𝑔 sin 𝛽𝐷(1 − 𝜂2)𝜂2[1 + 𝜂2(𝑚 − 1)]

𝜌𝑜𝐽 2[1 + 𝜂4(𝑚 − 1)]
(8)

Then, knowing the friction factor, the frictional pressure gradient in
CAF is estimated following the Darcy-Weisbach equation.

Subsequently, Shi et al. (2017) updated the Arney’s model adding a
correction factor that accounts for the oil phase eccentricity inside the
continuous water annulus. The water holdup modifies as:

𝐻𝑤 = 𝜖𝑤[1 + 0.31(1 − 𝜖𝑤)]𝐸, (9)

where 𝐸 is the correction factor that accounts for the oil core eccen-
tricity:

𝐸 = exp
[

−0.31
( 1 )1.067

(1 − 𝜖𝑤)0.67
]

, (10)

𝐹𝑟
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Table 1
Literature experimental works on oil-water flow. Dynamic viscosities considered at 20 ◦C.
Author Orientation Diameter [mm] 𝜇𝑜 [Pa s] 𝜌𝑜 [kg/m3]

Sotgia et al. (2008) Horizontal 21–40 0.92 889
Grassi et al. (2008) Horizontal and ±15◦ 21 0.80 886
Rodriguez et al. (2009) Horizontal and vertical 27–75 0.50 925
Strazza et al. (2011) −10◦ to +15◦ 21 0.90 886
Ghosh et al. (2011) Vertical 12 0.2@27 ◦C 960
Colombo et al. (2012) Horizontal and +6◦ 21.5–50 0.9 890
a
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Table 2
Models from the open literature.

Author Phase holdup Pressure gradient

Arney et al. (1993) Empirical correlation Empirical model
Ullmann and Brauner (2004) Mechanistic Two-Fluid Mechanistic Two-Fluid

and 𝐹𝑟 is the Froude number, which represents the ratio between
inertia to buoyancy forces:

𝐹𝑟 =
𝐽𝑜

√

𝑔𝐷 𝜌𝑤−𝜌𝑜
𝜌𝑜

, (11)

The factor 𝐸 approaches the value 1 when the core is almost concen-
ric and has a value included between 0 and 1 when the eccentricity is
ore pronounced. In this work 𝑔 has been replaced with 𝑔cos 𝛽 to take

into account the pipe inclination.

2.2. Ullmann and Brauner (2004)

Brauner (1991) (Bannwart, 2001) developed a mechanistic model
for horizontal and inclined oil-water concentric core-annular flow using
the Two-Fluid Model. Ullmann and Brauner (2004) then provided new
closure relations for the wall 𝜏𝑠 and the interfacial 𝜏𝑖 shear stresses. The
ew closure relationships represent the effect of the inclination and the
nteraction between the flows of the two phases. With the new closure
elations, the two-fluid model yields the exact solution for the holdup
nd pressure drop in case of laminar horizontal or inclined CAF. The
ame structures of closure relations are applied also in turbulent flows
ut the solution is not explicit and requires a trial and error procedure.

Assuming fully developed flow, the integral form of the momentum
quations for the core (𝑜) and annulus (𝑤) regions are:
{

− 𝑑𝑃
𝑑𝑧 𝛺𝑜 ∓ 𝜏𝑖𝑆𝑖 + 𝜌𝑜𝑔 sin 𝛽𝛺𝑜 = 0

− 𝑑𝑃
𝑑𝑧 𝛺𝑤 ± 𝜏𝑖𝑆𝑖 − 𝜏𝑠𝑆 + 𝜌𝑤𝑔 sin 𝛽𝛺𝑤 = 0

(12)

Being the two pressure gradients equal, the two equations reported in
Eq. (12) modify as:

𝜏𝑠
𝑆
𝐴𝑤

− 𝜏𝑖𝑆𝑖

(

1
𝐴𝑤

+ 1
𝐴𝑜

)

− 𝑔 sin 𝛽
(

𝜌𝑤 − 𝜌𝑜
)

= 0. (13)

Where 𝜏𝑖 is the interfacial shear stress, which is the shear stress
exerted by the annular phase on the oil core, and 𝜏𝑠, the pipe wall shear
stress. The structure of the closure relations for the wall and interfacial
shear stresses to be used in the combined momentum equation is the
following:

𝜏𝑖 = −1
2
𝜌𝑜𝑓𝑖𝑈𝑜(𝑈𝑜 − 𝑐𝑖𝑈𝑤); (14)

𝜏𝑠 = −1
2
𝜌𝑤𝑓𝑤𝑈𝑤(𝑈𝑤(1 + 𝑌 𝐹𝑤)) (15)

here,

𝑖 = 𝐶𝑜𝑅𝑒
−𝑛𝑜
𝑜 𝐹𝑖; 𝑐𝑖 = 𝑐0𝑖 + 𝑌 𝐹𝑐𝑖; 𝑌 =

𝛥𝜌𝑔 sin 𝛽
(

−𝑑𝑝∕𝑑𝑧𝑓
)

𝑤𝑠

(16)

𝐹𝑐𝑖 = 4𝐻𝑤(1 −𝐻𝑤)
[

1 +
2 −𝐻𝑤 ln (1 −𝐻𝑤)

]

(17)
3

2𝐻𝑤
nd

𝑤 = 𝐶𝑤𝑅𝑒
−𝑛𝑤
𝑤𝑠 ; (18)

𝐹𝑤 = 𝐻𝑤(1 −𝐻𝑤)
[

2 −𝐻𝑤 +
2(1 −𝐻𝑤)

𝐻𝑤
ln (1 −𝐻𝑤)

]

(19)

The factor 𝐹𝑖 is to account for possible augmentation of the interfa-
cial shear due to interfacial waviness or other irregularities, it can be
put 𝐹𝑖 = 1 since the model in CAF is less sensitive to the estimation
of the interfacial friction factor (Ullmann and Brauner, 2004). The
coefficients for laminar flow of the oil core are 𝐶𝑜 = 16, 𝑛𝑜 = 1,

hile for turbulent flow of water annulus are 𝐶𝑤 = 0.046, 𝑛𝑤 = 0.2,
0
𝑖 = 1.15÷1.20 (for this study a value of 𝑐0𝑖 equal to 1.16 was used) and
𝑖 = 1.05 ÷ 1.12.

Using the above closure relations (14) and (15), the general dimen-
sionless form of the combined momentum equation reads:

𝐹𝑖�̃�𝑜
𝑛𝑜−5

[

1 − �̃�𝑜
2(1 +

𝑐𝑖
𝑞
)
]

(1−�̃�𝑜
2)−(1+𝑌 𝐹𝑤)𝜒2+𝑌 𝜒2(1−�̃�𝑜

2)3 = 0 (20)

hich is an implicit equation in �̃�𝑜 = 𝑅𝑜∕𝑅 dimensionless core radius,
hich is related to the oil holdup 𝐻𝑜 = �̃�𝑜

2. The Lockhart-Martinelli
arameter 𝜒2, taken as the ratio of the oil alone to the water alone
ressure gradient (alone means that the phase flows with the superficial
elocity), is used to correlate pressure gradients and holdup data.

Explicit analytical solution of Eq. (20) for �̃�𝑜 can be obtained in the
ase of any inclination angle, but laminar core and annulus (Lc-La). Ex-
licit solution are obtained as well in the case of 𝑌 = 0 (horizontal flow,
r 𝛥𝜌 = 0) with laminar core and turbulent annulus (Lc-Ta). However,
or inclined downflow with laminar core and turbulent annulus the
quation is implicit and iterative procedure is needed to get solution.

The frictional pressure gradient is expressed in terms of dimension-
ess parameters as:

𝑓 =
−( 𝑑𝑝𝑑𝑧 )𝑓

−( 𝑑𝑝𝑑𝑧 )𝑓,𝑤𝑠

= −(𝑃𝑎 +𝐻𝑜𝑌 );𝑃𝑎 =
𝑑𝑝∕𝑑𝑧 − 𝜌𝑤𝑔 sin 𝛽
(

−𝑑𝑝∕𝑑𝑧𝑓
)

𝑤𝑠

. (21)

Where 𝑃𝑎 is a dimensionless parameter representing the contribu-
tion of water to the pressure gradient, which is function of the oil
holdup by the dimensionless oil core radius �̃�𝑜; 𝑌 is the dimension-
less gravitational component, hence the parameter that contains the
information about the inclination angle effect. The frictional pressure
gradient of water in single-phase flow is computed as:
(

−
𝑑𝑝
𝑑𝑧𝑓

)

𝑤𝑠
=

𝜌𝑤
2𝐷

𝐽 2
𝑤𝑓𝐷 (22)

𝑓𝐷 = 0.316𝑅𝑒−0.25𝑤𝑠 (23)

Sun et al. (2022) revised the approach presented above to take into
account the core eccentricity and its non-circular shape by a three-zone
model using an empirical correlation for the water-annulus thickness
on top of the pipe. Prediction errors decreased slightly compared to
the models that do not consider the above-mentioned effects, with a
relative error of ±10%. However, the improvement with respect to
the Arney’s model lies within the experimental uncertainty of the data
presented in this paper, i.e., from 2% to 8%, thus the model was not
implemented.
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Fig. 1. (a) Experimental facility layout: (WT) water tank, (ST) separation tank, (OST) oil tank, (TS) test section, (CV) closing valves, (MIX) multiphase injector, (WFP) feedwater
pump, (OMP) oil pump; (b) Plant view.
Fig. 2. Oil-water injector technical drawing. Lengths in mm and angles in degrees.
Table 3
Rheological properties of test fluids.

Fluid 𝜌 [kg/m3] 𝜇 [Pa s]

Water 999 0.001
Oil emulsion 890 0.838 (@24.5 ◦C)

3. Experimental setup

3.1. Description of the test facility

The oil-water flow test loop is described in Fig. 1. The pipeline, 20 m
long and 40 mm I.D., was downward inclined of 15◦ with respect to
the horizontal, which leads to the maximum height achievable in the
laboratory. All the angles tested in the literature are smaller, except
for Strazza et al. (2011), in which case, however, the pipe diameter is
about half. The test fluids used in the current study are tap water from
the municipal network and a stable emulsion of water and Milpar 220
mineral oil. The rheological properties of the two fluids are reported
in Table 3. In particular, the oil viscosity is assumed constant at the
average test temperature of the fluids (day-by-day fluctuations did not
exceed 0.5 ◦C). The measured oil-water interfacial tension is 0.020
N/m (Sotgia et al., 2008).

Oil and water are pumped into the Plexiglas® pipe from their
storage tanks, the water flow rate is controlled by a valve and measured
by means of a magnetic flowmeter while the flow rate of oil is set
by regulating the speed of a gear pump by an inverter through a
calibration curve. The fluids are introduced into the pipe by a suitably
designed injector promoting the development of the core-annular flow
pattern (Fig. 2). The fluids are collected at the end of the test section in
a separation tank, where they naturally separate in about 30 to 45 min
and then are recirculated to the respective storage tanks.

The pressure drop and phase holdup measurements are performed
at 6 m (150 diameters) from the injector to enable flow development,
4

Table 4
Oil and water superficial velocities.
𝐽𝑜 [ m

s
] 𝐽𝑤 [ m

s
]

0.56 0.66
0.71 0.88
0.91 1.10
1.06 1.33

according to the considerations reported in Grassi et al. (2008). The
pressure drop measurements are taken by a differential piezo-resistive
pressure transducer C230 Setra System (Range 0–7 V, Output 0.5–
5.05 kPa, Accuracy ± 0.5% of the full scale) on a 2 m test section
equipped with 5 static pressure taps. Phase holdup measurements are
performed at the end of the test section by quick-closing valves, as
reported in Colombo et al. (2015). Moreover, two mirrors at 90◦ are
arranged in order to take pictures with three views: central, upper and
lower. The data are collected via a data acquisition board and processed
by means of LabView® and Excel®.

3.2. Experimental procedure

Four different oil superficial velocities and four water superficial
velocities were selected (see Table 4), having a total of 16 couples of
operating conditions.

Photographic analysis, pressure drop and phase holdup experiments
were carried out as per the procedures reported.

3.2.1. General procedure
1. Once the oil and water are separated by gravity in the dedicated

tank (ST) (∼30 min) the water is firstly recovered by a centrifu-
gal pump in the water tank (WT) and then the oil is pumped
with a recirculating gear pump to the oil tank (OST).
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2. The water that remains at the bottom of the oil tank is removed
with a pump towards the separation tank.

3. The quick-closing valves are opened.
4. Water pump is turned on and the pipe is flushed for 2 min, then

a high flow rate is set until no air is present within the pipe.
Then the desired flow rate is set plus a 0.3 m3

h to compensate
for the reduction once oil enters in the pipe.

5. The desired flow rate of oil is set from the inverter panel and
the pump is turned on. A two-phase flow sets into the pipe. The
water flow rate is adjusted to the desired one, the flow is let
developing. Once developed the facility is ready for the tests.

6. After performing the tests, the oil pump is firstly switched off,
immediately the water flow rate is increased and the oil valve is
closed. This allows to avoid oil sticking to the pipe walls.

7. Quick closing valves are closed leaving the pipes full of water,
this helps reducing the charging time.

.2.2. Photographic campaign
The pictures were taken with a NIKON D4 camera with a NIKKOR

0 mm f/2.8G Micro lens, setting an exposure time of 1/6400 s with a
-stop of f/16.

1. The oil flow rate is set and kept fixed throughout the run.
2. Water flow rate is set and multiphase flow is left to fully develop

and stabilize.
3. Pictures are taken, framing in the photo a reference to the oil

and water flow rates.
4. Water flow rate is changed, with fixed oil flow rate, leaving 30

s for the flow to develop. The same procedure is repeated for all
the water flow rates.

.2.3. Pressure drop experiments
The experimental runs were repeated 10 times for each condition

nd then the arithmetic mean as well as the standard deviation were
egistered for all the measured quantities. The uncertainty on the
easured quantities resulted always lower than 10%, ranging from a
inimum of 2% to a maximum of 8%.

1. During the preliminary flow of only water the pressure taps are
cleaned by opening the related valves and disconnecting the
pressure commutator from the pressure transducer. In this way
air and oil deposits are removed.

2. During the tests, which last for ∼ 1 min, pressure taps are put in
connection to the transducer.

3. Once the test-runs are done, the general test ending procedure
is followed. Then the log generated by LabView® is copied and
pasted on Excel® to check the results.

4. The pressure drop tests are checked by plotting the pressure data
against the distance. The points are expected to lie on a straight
line with negative slope.

3.2.4. Holdup experiments
The experimental runs were repeated 10 times for each condition

and then the arithmetic mean as well as the standard deviation were
registered for all the measured quantities. The uncertainty on the
measured quantities is about 2%.

1. The desired flow rates combination is set and the flow is let to
develop.

2. Two operators have to perform this experiment. One operator
has to turn off all the pumps (using a release button), whereas
the other closes the two valves (the distance between the two
valves is of 1.10 m).

3. The fluids are left to naturally separate inside the test pipe for
∼ 15 min.

4. After having measured the tare of a plastic beaker, the water is
spilled from the pipe.
5

5. The beaker is weighted once more, and the net weight of the
water spilled from the pipe into the beaker is retrieved and used
to determine the water holdup.

. Experimental results

.1. Photographic analysis

A photographic analysis was conducted to qualitatively check the
ffects of the inclination angle on the flow patterns and the transition
o stratified-wavy flow. In particular, the oil core was always present,
ut affected by a certain degree of eccentricity that decreased with
ncreasing oil superficial velocity 𝐽𝑜 and total flow rate. Pictures for
ach flow condition were collected in a matrix and reported in Fig. 3.
pecifically, at fixed superficial oil velocity 𝐽𝑜 we can see similarities in

the flow pattern evolution, i.e., an increase in the oil dispersion as the
water flow rate increases. On the other hand, also at fixed superficial
water velocity 𝐽𝑤 we can see a pattern in the flow evolution, i.e., an
ncrease in the oil core and an eccentricity reduction as the oil flow
ate increases. Eventually, as an example Fig. 4 shows two flow regimes
here the oil and water flow rates are increased: the result is a reduced
ccentricity. Oil drops detachment from the core to the continuous
ater layer became more present at high water superficial velocities
𝐽𝑤 = 1.11 − 1.33 m

s ), whereas at the lowest water superficial velocities
(i.e., 𝐽𝑤 = 0.66 m

s ) only few oil drops detached from the core.
In Fig. 5 the flow pattern map of the inclined pipe is reported. Gen-

erally, the results indicate that the flow patterns that occurred in case
of inclined pipe are similar to the ones of the horizontal configuration
reported in Sotgia et al. (2008), specifically all the operating conditions
fall in core-annular region.

Moreover, the transition from annular to wavy-stratified flow pat-
tern is critical since, as the oil core sticks to the pipe walls, it induces a
sharp increase in the pressure gradient, which in real operating condi-
tions might cause chugging. Hence, an analysis was performed to check
how the transition was affected by inclination. The validity of the tran-
sition boundary defined by Colombo et al. (2012) for the 40 mm I.D.
horizontal pipe was thus experimentally checked. At constant oil flow
rate, the water flow rate was decreased until large Kelvin-Helmholtz
waves were observed on the lower portion of the oil core, which is the
signal that – on the top – oil has stuck to the wall. At the same time,
the upper portion of the pipe gets dirty with the oil. The instability
mechanism leading to the break-up of the thin top-wall film due to the
floating of the oil core has been widely studied by Brauner and Maron
(1992) in the case of concentric core. Furthermore, Huang and Joseph
(1995) showed that eccentric flow is stable when concentric flow is
stable. However, the data shown in Sotgia et al. (2008) and Colombo
et al. (2012) showed only qualitative agreement with the transition
boundary predicted by the stability analysis reported in Brauner and
Maron (1992).

The transition suddenly occurs over the whole pipeline even very
close to the injection point (about 5 diameters). However, it was not
possible to determine a relationship between the mixture velocity and
the distance from the injection at which the transition extends to the
whole pipeline, because of the fouling of the upper portion of the pipe.

A total of six oil flow rates were considered to properly identify the
transition boundary, a graphical representation of the tests is reported
in Fig. 6. The critical transition appeared for oil superficial velocities
(𝐽𝑜 < 0.4 m

s ) lower than expected for the horizontal configuration,
while for higher velocities the oil core smoothly expanded without
fouling the pipe. A new approximate boundary was hence defined:

𝐽𝑤 = 0.7745 − 1.9091𝐽𝑜 (24)

Qualitatively, this result is not surprising if it is considered that
oil comes in contact with the pipe wall owing to buoyancy forces.
In particular, the critical transition arises when the latter overcome

inertia forces. In the horizontal pipe, the acceleration due to gravity
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Fig. 3. Matrix of the flow regimes photos. The superficial velocities are in m
s , the flow direction is given by the arrow.

Fig. 4. Total flow momentum effect on the flow patterns, (a) minimum and (b) maximum total flow rate conditions. Flow direction, indicated by the arrow, is from right to left.
Top, central and bottom view.
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Fig. 5. Flow pattern maps for the 40 mm I.D. pipe inclined configuration 𝛽 = 15◦, for
the horizontal configuration please refer to Sotgia et al. (2008).

Fig. 6. Flow map of experimental runs. The dotted line represent the analytical
boundary for the horizontal case; solid line is Eq. (24).

is normal to the axis (direction of principal motion), whereas in the
downward inclined pipe the action of gravity can be broken up into
two components: one is parallel to the axis and contributes to the
momentum flow (inertia), the other is normal to the axis and, in
combination with the density difference, is responsible for lifting the
oil core towards the pipe wall (buoyancy). However, compared to the
horizontal layout, the latter is reduced by a factor equal to 𝑐𝑜𝑠 𝛽, i.e., by
about 3.4%. Thus, it is expected that the transition between core-flow
and stratified flow takes place at lower velocities compared with the
horizontal flow.

4.2. Phase holdup

Phase holdups measured with the closing valves method described
in Section 3.2 are reported in Fig. 7 in terms of water holdup 𝐻𝑤
against the water input fraction (or water cut). It was observed that
water holdup was always higher than the water input fraction, there-
fore the water actual velocity 𝑈𝑤 = 𝐽𝑤

𝐻𝑤
is always lower than the oil

actual velocity 𝑈𝑜 = 𝐽𝑜
𝐻𝑜

. This is consistent with flow visualizations
showing that the oil flows in the core, though eccentric, with the
water adjoining the pipe wall. In addition, by increasing water input
7

Fig. 7. Water holdup versus water input fraction. The bisector represent the
homogeneous mixture condition.

fractions the experimental points tend to approach the bisector as the
flow regime evolves to a more and more dispersed core, i.e., a pattern
closer to the ideally homogeneous flow, for which the phase holdup
equals the input fraction. In order to better understand the effects of
the inclination on the actual velocities a comparison with horizontal
configuration data in the same experimental conditions was performed.
The horizontal data were available from previous works Colombo et al.
(2015). The comparison showed that the oil actual velocity in the
inclined configuration is higher than in the horizontal case, for the
operating conditions characterized by 𝜖𝑤 < 0.6. This result supports
the evidence, given in the previous section, that at the same superficial
velocities the flow conditions for the downward inclined pipe lie farther
from the transition boundary between core and stratified flow than for
the horizontal pipe, in spite of the fact that the water is the heaviest
phase, and hence should be more accelerated by gravity than oil. On
the other hand, it has to be noticed that the density difference between
oil and water is small and water is always in contact with the wall,
hence subject to friction. As previously observed, the oil in the core is
lifted up by a component of the buoyancy force reduced by the cosine
of the inclination angle compared with the horizontal layout. Thus, the
core should be less eccentric and possibly flow faster.

Data fitting was obtained by means of the drift-flux void fraction
model earlier introduced by Zuber and Findlay (1965) for gas-liquid
flows. Being the oil the phase traveling faster, it was replaced to the
gas phase in the original model, so that:

𝑈𝑜 = 𝐶𝑜𝐽 + 𝑈𝑜,𝐽 (25)

𝐻𝑜 =
𝜖𝑜

𝐶0 +
𝑈𝑜,𝐽
𝐽

(26)

where 𝐶0 is the 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 that accounts for non-uniform
phase distribution in the pipe cross section, 𝐽 is the mixture velocity
and 𝑈𝑜,𝐽 is the 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑒𝑎𝑛 𝑑𝑟𝑖𝑓 𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, which accounts for the
local relative velocity of the phases (Fig. 8).

The oil actual velocity, calculated from the measured oil holdup, is
plotted against the mixture superficial velocity: it is clearly seen that
the data point fall on a straight line with excellent approximation. A
linear regression is thus performed to determine the slope, representing
the distribution parameter, i.e. 𝐶0 = 1.29, and the intercept, represent-
ing the drift velocity, i.e. 𝑈𝑜,𝐽 about zero, the regression coefficient
of determination (𝑅2) is equal to 0.98. Compared with the horizontal
flow, the distribution parameter is 5.8% lower, which is consistent
with the increased velocity of the oil core. As the drift-flux velocity
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Fig. 8. Oil actual velocity against the mixture superficial velocity.

Fig. 9. Parity plot, calculated water holdup against the measured.

is practically zero (Fig. 8) the model can be simplified to 𝐻𝑜 = 𝐾𝜖𝑜,
with 𝐾 = 𝐶−1

0 = 0.775.
Eventually, the predictions of phase holdup by literature models

were compared to the experimental results. The models considered
were the mechanistic model of Ullmann and Brauner (2004) that needs
an iterative procedure to converge to a solution, and the empirical
correlations of Arney et al. and Shi et al. The results are reported in
tabular form in Table 5 and in a parity plot against the measured
holdup data in Fig. 9, where MRD and MARD are defined as follow
(where 𝑧 is a generic quantity):

𝑀𝑅𝐷 = 1
𝑁

𝑁
∑

𝑖=1

𝑧𝑖,𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑧𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

, (27)

𝑀𝐴𝑅𝐷 = 1
𝑁

𝑁
∑

𝑖=1

|𝑧𝑖,𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑧𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 |
𝑧𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

. (28)

The Ullmann and Brauner model tends to underpredict the water
holdup, while Arney only slightly. On the other hand, the model by Shi,
that takes into account the core eccentricity, does not improve the pre-
dicting performances. Anyway, all models improve their predictions as
8

Table 5
Models phase holdup prediction performances.

Model MRD [%] MARD [%]

Ullmann and Brauner −12.11 12.11
Drift-Flux 0.53 1.22
Arney et al. −2.51 2.79
Shi et al. −8.33 8.33

Fig. 10. Pressure drop against distance, data are normalized on the highest value and
a linear regression is performed (𝐽𝑜 = 0.56 m

s and 𝐽𝑤 = 0.66 m
s ).

the water holdup increases. The estimate lies within the ±20% relative
error range. In summary, the Arney correlation, though developed on
a dataset mainly based on horizontal flows, provides better estimates
(MARD = 2.79%) compared to the mechanistic one (MARD = 12.11%).

By comparison, the data fitting through the drift-flux model is
reported in Table 5, obviously showing the best agreement with the
data.

4.3. Pressure drop

As shown from the momentum balance, the pressure gradient is
the sum of three components: accelerative, gravitational and frictional.
In the present case, the accelerative pressure gradient is null since
the phases are incompressible and, under fully developed conditions,
phase fractions are constant across the flow. The total pressure gra-
dient was obtained from the pressure measurements taken along the
flow, showing a linear decreasing behavior, which indicated that fully
developed conditions have been achieved indeed, being the pressure
gradient independent of the axial coordinate. As an example, Fig. 10
shows on the same plot repeated tests for a sample operating condition.
Normalization has been applied to eliminate the offset caused, e.g., by
the small changes in the absolute pressure between consecutive runs,
such that the normalized pressure at each tap is 𝑝𝑛𝑜𝑟𝑚 = (𝑝−𝑝𝑚𝑖𝑛)∕(𝑝𝑚𝑎𝑥−
𝑝𝑚𝑖𝑛). Accordingly, the first tap, i.e., the closest to the test section inlet,
always has 𝑝𝑛𝑜𝑟𝑚 = 1, whereas the last tap always has 𝑝𝑛𝑜𝑟𝑚 = 0.
To summarize the results, Table 6 reports the values of the average
pressure gradients, their standard deviations and the coefficients of
determination of the linear regression for all the tested conditions.

The frictional pressure gradient was calculated by subtraction of the
gravitational component, as follows:
(

𝑑𝑝
𝑑𝑧

)

𝑓
=
(

𝑑𝑝
𝑑𝑧

)

𝑚
+ (𝜌𝑤 − 𝜌𝑚𝑖𝑥)𝑔 sin 𝛽 (29)

where 𝜌𝑚𝑖𝑥 is the mixture actual density (Eq. (5)). The frictional pres-
sure gradients are shown in Fig. 11 with their standard deviation
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Table 6
Experimentally determined pressure gradients.
𝐽𝑜 [ m

s
] 𝐽𝑤 [ m

s
] − 𝑑𝑝

𝑑𝑧
[ kPa

m
] 𝑆𝐷 [ kPa

m
] 𝑅2 [–]

0.56 0.66 0.468 0.023 0.999
0.88 0.623 0.031 0.998
1.10 0.770 0.069 0.999
1.33 0.872 0.047 0.999

0.71 0.66 0.632 0.020 0.999
0.88 0.774 0.051 0.999
1.10 0.863 0.059 0.999
1.33 1.076 0.035 0.999

0.91 0.66 0.785 0.025 0.999
0.88 0.950 0.020 0.999
1.10 1.066 0.046 0.999
1.33 1.251 0.053 0.999

1.06 0.66 0.949 0.060 0.999
0.88 1.050 0.066 0.999
1.10 1.262 0.107 0.999
1.33 1.346 0.061 0.999

Fig. 11. Frictional pressure gradient versus the water volume input fraction.

plotted against the water input fraction 𝜖𝑤. For each oil velocity the
water superficial velocity increases from left to right as 𝜖𝑤 increases.
The repeatability of the pressure drop tests was characterized by a
relative standard deviation ranging between 2.41% and 8.36%.

In order to have a better visualization of the advantage introduced
by CAF for the pressure drop reduction in very viscous oil transporta-
tion, the experimental pressure gradient data are reported in terms of
the Pressure Drop Reduction Factor 𝑅 (Sotgia et al., 2008), defined as:

𝑅 =
𝛥𝑝𝑜
𝛥𝑝𝑤𝑜

(30)

The numerator 𝛥𝑝𝑜 is the pressure drop of the oil flowing alone at its
flow rate, the term is calculated with the Hagen-Poiseuille law as the
oil-alone flow is always laminar:

𝛥𝑝𝑜 =
128𝜇𝑜𝑄𝑜𝐿

𝜋𝐷4
(31)

The denominator 𝛥𝑝𝑤𝑜 is the measured frictional pressure drop of the
two-phase flow.

Accordingly, the results are reported in Fig. 12, from which it is
evident that the pressure reduction capability increases with decreasing
water fraction.

On the other hand, the transportation of viscous oil in core-annular
flow has to be performed at the lowest possible water flow rate, but
9

Fig. 12. Pressure drop reduction factor in function of the water input fraction.

Table 7
Models pressure drop prediction performances.

Model MRD [%] MARD [%]

Ullmann and Brauner 8.14 8.20
Arney et al. −2.83 5.70

Fig. 13. Parity plot, calculated versus measured frictional pressure gradients.

sufficiently far from the conditions for the onset of the transition to
stratified-wavy, which will cause issues to the mixture transportation
as already anticipated. Lastly, two models available in the open lit-
erature were compared to the collected data. The mechanistic model
of Ullmann and Brauner (2004), based on the Two-Fluid model for
inclined configurations, and the empirical model by Arney et al. (1993).
The prediction performance was evaluated in terms of Mean Relative
Deviation (MRD) and Mean Absolute Relative Deviation (MARD), the
results are reported in Table 7 and in a parity plot against the measured
data in Fig. 13.

The model by Arney tends to slightly underestimate the pressure
drop but the overall prediction shows the lowest deviation with MARD
= 5.70%. Ullmann and Brauner’s model tends instead to overestimate
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the values, and the predictions of both models fall within the 20%
relative error deviation.

Moreover, also in case of horizontal pipe configuration, the two
models have a MARD that falls within the ± 20% region as already
reported in Colombo et al. (2017).

5. Conclusions

The investigated flow conditions were experimentally characterized
in terms of flow pattern, frictional pressure gradient and phase holdup.
The dataset covered the domain of core-flows delimited by the onset
of stratified flow (lower limit) and dispersed-core (upper limit). The
influence of the downward inclination (𝛽 = 15◦) was described in
comparison with the horizontal layout (𝛽 = 0◦).

It resulted that the annular/wavy-stratified transition occurred at
uch lower oil and water superficial velocities compared to the hor-

zontal case at the same experimental conditions. The downslope en-
ances the stability of the oil-water core-annular flow possibly because
he effective component of the buoyancy force on the oil core is
ower and the oil actual velocity results higher. However, the data
or different inclinations are still too scarce to attempt a quantitative
orrelation between the critical velocities and the inclination angle,
hich represents a further development of this work.

The phase holdups were measured by the quick-closing valves
method and compared to horizontal pipe configurations and literature
models predictions. The water holdup resulted always higher than
the water input fraction, hence the oil actual velocity was always
higher than the water one. In addition, the downslope increases the
slip between the phases and the oil actual velocity is higher than in
the horizontal case. The empirical correlation of Arney et al. provided
very good agreement with the data and is thus recommended also
for inclined configurations. The mechanistic model by Ullmann and
Brauner (2004) led to acceptable but underestimated predictions of the
water holdup. On the other hand, the Shi et al. correction to account
for core eccentricity did not provide improvement in the performance
predictions.

The drift-flux void fraction model of Zuber and Findlay, originally
developed for gas-liquid systems, proved to be very effective in fitting
the experimental data also for liquid-liquid flows, with MARD = 2.04%.

Eventually, the frictional pressure drop was evaluated and the re-
sults were also presented in terms of the pressure drop reduction factor,
ranging between 10 and 30, which shows the benefit of the lubrication
effect provided by the water annulus adjoining the wall. The frictional
pressure drop is well predicted by the literature models despite the
idealization of concentric core, with MARD always lower than 10%.
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