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Abstract: This paper presents an analysis of pressure drop in water-in-oil emulsion flows, with water volume fraction
from 7% to 25%. Empirical correlations are evaluated to estimate density and viscosity. The pressure gradient is
estimated assuming homogeneous flow model. The predicted values are compared against experimental data. Results
indicate that the density model exhibits errors of less than 1.5%, demonstrating its accuracy. The best viscosity model
presents errors between 3% and 16%. The estimated pressure gradient underpredicts the pressure loss, with deviations
ranging from -5% to -28%. These findings indicate the challenges associated with accurately predicting pressure drop
in emulsion flow and highlight the need for further investigation of existing models.
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1. INTRODUCTION

Emulsions are heterogeneous mixtures of two or more immiscible liquids in a dispersed system. In the presence of
an emulsifying agent and mechanical perturbation, this mixture behaves as a homogeneous system. Emulsions occur in
various industrial sectors, such as food, pharmaceutical, and petrochemical. Focusing on the application of oil production
in deep water, stable emulsions form during oil extraction, from the reservoir to the choke valve, in the interaction between
saline water and crude oil (Alsabagh et al., 2016).

Although the interfacial mechanisms resulting in emulsion drop breakdown and/or coalescence are not yet fully
understood, it is known that the shear breaks the emulsion droplets, acting to convert a droplet into tiny and stable droplet
sizes (van der Zande, 1998). The process of separating water-in-oil emulsions with small droplet sizes employs large
amounts of demulsifiers (Sullivan et al., 2008), which is undesirable because of theirs high costs as well as oxidation of
facilities and tanks.

In this context, the Emulsion Flow Circuit located at NEMOG lab/UFES aims to conduct laboratory-scale studies
about the impact of pipe fittings (e.g., pumps, knees and valves) on the droplet size distribution (DSD) of water-in-oil
emulsions. The flowing fluids are stable emulsions which mimic the behavior of water-in-oil emulsion from Brazilian
pre-salt reservoirs. It is composed of saline water, mineral oil and surfactants. The flow circuit used in this work presents
flow similarity with an actual pre-salt oil extraction plant by equality of Weber number (Kempin Janior et al., 2022).
Besides, the emulsions present transport properties and chemical profile similar to a reference crude oil, considering the
physical-chemical evaluation and infrared absorption spectrometry (Corona et al., 2023).

An important aspect for the sizing of pumps, compressors and instrumentation is the pressure drop estimation. For
single-phase flows, pressure drop prediction is well established and consolidated. However, in multiphase flows, such as
emulsion flow, pressure drop modeling is still a technological challenge due to the lack of experimental data available.

Pressure gradient in dispersed liquid-liquid flow was studied by Angeli et al. (1999) and Guet et al. (2006). In both
studies, the ratios of oil viscosity and water viscosity are less than 10. For emulsion flow studies, it is reasonable to use a
homogeneous no-slip model to compute the frictional pressure gradient. The mixture is therefore considered as a single
fluid with an equivalent mixture density and an effective viscosity. For the friction factor, the same model used in single
phase flows is employed (Guet et al., 2006). Rodriguez et al. (2006) showed that homogeneous no slip model described
reasonably the pressure drop of oil-water dispersions.
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From this perspective, the aim of this work is to analyse the pressure drop imposed by water-in-oil emulsion flows,
with viscosity ratio of 130 and water volume fraction from 7% to 25%. The analysis is performed in a horizontal section
with aspect ratio L/D = 415. Empirical correlations are evaluated for estimating mixture properties, such as density and
viscosity. These models are compared with experimental data.

2. METHODOLOGY
2.1 Emulsion characterization

The working fluids are water-in-oil emulsions, composed of oil as continuous phase and saline water as dispersed
phase. The water volumetric concentration ranges from 1% to 25%. The continuous phase is composed by mineral oil
Mobil AW68 with 0.1% of the surfactant Triton X-114. The dispersed phase is comprised of deionized water with 35 g/L
of NaCl. After the preparation of each phase, water and oil are mixed in batches of 50 L by mechanical agitation using
the Ultra Turrax T65. Each experiment requires 400 L of emulsion. A key aspect for the produced emulsions is the high
stability period for droplet size (more than 24 hours).

Prior to the experiments in the flow circuit, emulsions are characterized in aspects of interfacial tension, density,
viscosity, water fraction and droplet size distribution.

Interfacial tension o between oil phase and saline aqueous phase is performed by a Tensiometer SEO (Phoenix model
MT), that uses the pendant-drop method. In this work, interfacial tension is 0.0025 N/m at 25°C.

The emulsion density p is measured by the digital analyzer Anton Paar DSA5000M. The analyzer is in accordance
with ASTM D5002 (2005). In this work, emulsion density is characterized from 20°C to 36°C.

The rheology of emulsions is obtained by a HAAKE MARS 60 rheometer and double gap coaxial cylinder
measurement system, in accordance with ASTM D4402 (2015). The flow curves are obtained at temperatures of 25°C
and 35°C and at shear rates range from 1 to 3000 s; totalizing 600 dynamic viscosity measurement for each sample.
Table 1 presents the characterization of oil and water phases in aspects of density and viscosity.

Table 1. Characterization of oil phase and water phase

Property Qil phase Water phase
Density p[kg/m3] at 20°C 872.7 1022.4
Viscosity u[Pa.s] at 25°C 0.1319 0.0010
Viscosity u[Pas] at 35°C 0.0800 0.0008

For each dispersed phase volumetric concentration, the water fraction is measured by potentiometric titration using
Karl Fisher reagent without pyridine in a Metrohm titrator (model 870 Titrando) with double platinum electrode in
accordance with ASTM D4377 (2006).

The droplet size distribution (DSD) of emulsions is obtained by laser diffraction technology by a Betterziser analyzer
model ST and isoparaffin as a dispersing medium.

2.2 Experimental description

The emulsion flow loop is located at the flow lab of Research Group for Oil and Gas Flow and Measurement
(NEMOG, in Portuguese), at Universidade Federal of Espirito Santo (UFES). The piping and instrumentation diagram
(P&ID) of the experimental apparatus is shown in

Figure 1.

A 500 L tank (TK-01) is used for emulsion storage, homogenization and sampling. It supplies emulsion to a 750 L
pressure vessel (V-01) by gravity. With this procedure, one expects that the original DSD of the original emulsion will
not be significantly altered.

The pressure vessel (V-01) is equipped with pressure sensor (PT-01, model Warme WTP 4010 ), temperature sensor
(TT-01, model Zurich T.420.1.H), differential pressure sensor (PDT-01, model Yokogawa EJA110E) for level monitoring
and a pressure control valve (PCV-1, globe valve model Samson 3241 ) for air supply, if required.

Flow is promoted by a helical pump (P-01, model Helibombas 2HT-32), driven by a 4 CV electric motor coupled to
a variable speed drive (model WEG CFW500). Downstream to the pump, the tubes are stainless steel made, with internal
diameter of 21 mm.

After the pump, there is pressure transmitter (PT-02, model Microsensor M20) and a hydraulic accumulator (HA-01,
model Ciltech). The latter one is installed in order to attenuate pressure fluctuations due to the positive displacement
pump. The mass flow rate and density are monitored by a Coriolis flowmeter (FIT-01, model Micromotion 2700).

The test section for droplet size distribution is located after the Coriolis flowmeter, starting at the first upward vertical
tube section. This section represents a production well and has 2.7 meters long. At the bottom, there is a gauge pressure
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sensor (PIT-01, model Yokogawa EJA530E). Next, a 9.7-meter-long horizontal section represents the flowline. The gauge
pressure is monitored by 2 sensors located at the beginning and at the end of this section (PIT-02 and PIT-03, model
Yokogawa EJA530E). The second upward vertical section represents the riser and has 3.0 meters long. At the end of this
section, there is a gauge pressure sensor (P1T-04, model Yokogawa EJA530E).

At the end of the riser section, the fluid flows through a hose to the upper emulsion tank (TK-02), for temporary
storage of the emulsion after the test.

Although not used in this work, three fluid extraction devices (EXT) are installed in strategic locations along the flow
circuit in order to evaluate droplet size distribution close to pipe fittings.
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Figure 1. P&ID diagram of the system.

The pressure drop is evaluated in the horizontal section that represents the flowline. The distance between pressure
taps PIT-2 and PIT-3 is 9.1 meters.

The experiment control and data acquisition system are integrated in a supervisory system based in the LabView
platform.

2.3 Pressure gradient prediction

According to Wallis (2020), for homogeneous flow in equilibrium, as the one of stable emulsions, suitable average
properties are determined and the mixture is treated as a pseudo fluid that obeys the usual equations for single-component
flow. The required average properties are velocity, thermodynamic properties (temperature and density), and transport
properties (viscosity). Hence, pressure drop can be predicted in a simplified way with good accuracy.

The homogeneous flow assumption requires that fluids must present: i) same velocity, ii) same temperature and iii)
same chemical potential.

Assuming a homogeneous no-slip model (Graham B. Wallis, 2020), the total pressure gradient is given by Eq. (1),
composed of frictional, gravitational and accelerational components.
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(2)-(2) () (%)
dz dz ) \dz), \dz),

Under the premises of incompressible flow and uniform diameter along the tubes, the accelerational pressure gradient
can be ignored.
The contribution of the frictional pressure gradient (dp/dz), is:

(d_pj _fpUn @
dz), 2D

Where f is the frictional factor, p,, [kg/m3] is the mixture density, U, [m/s] is average fluid velocity and D [m] is

the tube internal diameter.
The contribution of the gravitational pressure gradient (dp/dz)g is:

(d—pj = pagsing ®)
dz J,

Where g [m/s] is gravity and & [°] is the inclination of the duct to the horizontal.

Following Guet et al. (2006), it is assumed that correlations for friction factor in single phase flow can be applied to
dispersed liquid-liquid flows. Since flow regime is laminar, the friction factor f is estimated as:

64
f=— 4
- 4
The Reynolds group for emulsions flow is:
u.nD
Re = 'Om—m (5)
Hin

Where p,, [kg/m3] is the mixture density, s, [Pa.s] is the mixture viscosity, U, [m/s] is average velocity and D

[m] is the tube’s internal diameter.
Since the information of density and viscosity is critical for the prediction of the frictional pressure gradient, some
available models for determining these properties are evaluated in the results section.

3. RESULTS
3.1 Density

Figure 2 shows the density measurements as a function of temperature (from 20°C to 36°C) at pressure of 0.1 MPa
measured by DSA5000M analyzer. It is observed an increase of emulsion density as increasing water volume fraction.
On the other hand, density decreases with temperature.

According to Wallis (2020), the mixture density p,, .. can be expressed as a function of water density p,,, oil density

p, and water volume fraction C,, weighted by their respective concentrations as Eq. (6).
Phm,calc = prw + 0, (1_Cw) (6)

Using the density data obtained from DSA5000M for both oil and water phase, the emulsion density is predicted as
Eqg. (6) and then compared with experimental data for emulsion density measured in the digital analyzer. Then, the error
in density prediction is computed by Eqg. (7) and shown in

Figure 3.

_ pm,calc ~ Preas
Preas

Ap (7
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Figure 2. Experimental emulsions density

The errors in emulsion density prediction are from 0.7% to 1.4%. The prediction errors tend to remain stable for a
given emulsion sample between 20°C and 36°C, with a slight increase in density prediction as temperature rises. In this
case, the highest error increase occurred in the emulsion with 25% of H,O at 36°C. The prediction of density for the
emulsion with 15% of H,O showed the lowest errors, while the highest errors are observed in the prediction for the
emulsion with 7% of H,0.
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Figure 3. Error in the prediction of emulsion density

3.2 Rheology

Figure 4 shows the flow curves for the emulsion samples at temperatures of 25°C and 35°C, demonstrating the
viscosity at shear rates in the range 100-3000 s™. Noticeably, the viscosities increase with the increasing of water volume
fraction. The highest viscosity is reached by the emulsion sample with 25% water content, whereas the emulsion sample
with 7% of H,O presents the lowest viscosity.

Results show a slightly difference in viscosity between 15% and 20% of H,O. One can notice a significant increase of
viscosity of the emulsion with 25% of H2O, compared with the emulsion with 20% of H,O. Similar behavior is obtained by
Ariffina et al. (2016) for water-in-oil emulsions with crude oil.
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Figure 4. Flow curves of emulsion samples

Data of kinematic viscosity are shown in Table 2, including a linear regression of the viscosity as a function of
temperature.

Table 2. The viscosity of emulsions

Water fraction [%] | «[Pas] at25°C | u[Pas] at 35°C Linearization
7 0.1415 0.0809 4 =0.2931 - 0.0060T
10 0.1549 0.0946 4 =0.3058 - 0.0088T
15 0.1741 0.1043 4 =0.3486 - 0.0069T
20 0.1802 0.1103 4 =0.3549 - 0.0070T
25 0.2343 0.1363 41 =0.4794 - 0.0098T

The model for effective viscosity estimation is critical for a suitable determination of the frictional pressure gradient
(Guet et al., 2006), even for dispersions such as water-in-oil emulsions. There are a number of viscosity models for liquid-
liquid dispersion suggested in the literature. Some of them are presented below.

Einstein (1906) model, for small particles suspended with low dispersed phase fraction:

:um,l = :uc (1+24Cw) (8)

Taylor (1932) model for the viscosity for a fluid containing small drops of another fluid:

4
Hon s = M, |:1+ 2.5C, [wﬂ )
/uc + /ud

Brinkman (1952) model, which is an expansion upon Einstein's formula to accommodate moderate particle
concentrations:

/um,3 = /uc (:I'_C:W)Q.5 (10)

Thomas (1965) model, determined by extrapolation of an extensive amount of experimental data for spherical particles
available at that time.

H s = 1, (1+2.5C,, +10.05C2 +0.00273e1° ) (11)

Elseth (2001) proposes a linear average for the effective viscosity when phase inversion point is not known.

Hns = :uwcw + 4, (1_ Cw) (12)
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Using the viscosity data for oil and water phase, the emulsions viscosity is predicted as Egs. (8)-(12) and then
compared with the experimental data of Table 2. Then, the error in density prediction is computed as follows Eg. (13).

_ /um,calc ~ Hieas
Hineas

Au (13)

Results are shown in

Figure 5. A visual observation is that, for the 5 evaluated models, the behavior of the viscosity calculation error
remains the same at both 25°C and 35°C.

For water fractions between 7% and 20%, the errors of the Einstein’s model (1906) range from 3.1% to 8.4% at 25°C
and from 5.5% to 16.3% at 35°C. For 25% of H,O, the viscosity is underestimated by the Einstein’s model, with errors
of -9.8% at 25°C and -4.5% at 35°C. This model exhibits the best performance in predicting the emulsion viscosity with
a water volume fraction between 10% and 25%.

The Taylor’s model (1932) underestimated the viscosity of the emulsion, with errors ranging from -0.1% to -29.4%
at 25°C and from -6.7% to -26.3% at 35°C. This model showed the highest accuracy in predicting the viscosity for the
emulsion sample with 7% of water fraction.

The Brinkman’s model (1955) shows errors in viscosity prediction from 10.8% to 27.9% at 25°C and from 10.1% to
26.8% at 35°C. In the model of Thomas (1965), the viscosity was overestimated, with errors from 14.9% to 44.8% at
25°C and from 15.5% to 43.5% at 35°C.

The viscosity prediction of Elseth (2001) shows a decrease in viscosity with an increase of the water volume fraction
in the mixture, which underestimates the viscosity. Therefore, this model is inconsistent, with maximum errors of -57.6%
at 25% water and -55.8% at 35% water.
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Figure 5. Error in viscosity prediction

The results indicate that Einstein's model (1906) is the most suitable for determining the emulsion viscosity of saline
water dispersed in mineral oil, for water fractions between 7% and 25%.

3.3 Pressure gradient

In this work, the pressure drop is evaluated by the pressure losses per meter or, in other words, by the pressure gradient
(dP/dz) [Pa/m]. The experimental pressure gradient is obtained using pressure readings of two-gauge pressure

transmitters (PIT-2 and PIT-3 in
Figure 1) and the distance L between the pressure taps.

(dp/dz)exp — PPIT—Z [ PPIT—3 (14)

The pressure gradient can be predicted using the following flow process data: mass flow, density, viscosity and internal
tube diameter.

To obtain the mean fluid velocity, first the volumetric flow rate Q [m3/s] is calculated by Eq. (15), using the mass
flow m [ka/s] and the density o [kg/m3] measured by Coriolis flow meter (FIT-01).



L. Franco, M. Elias, R. Corona, E. Kempin, J. Roberti, R. Ramos
Pressure Drop Analysis in Emulsion Flow

m
Q=— (15)
el
Next, mean fluid velocity U, is obtained using volumetric flow rate and pipe’s cross sectional area, as Eq. (16).

m

_Q
Un=— (16)

Since the segment tube under study is horizontal, the term of the gravitational pressure gradient term can be neglected,
and the pressure gradient is calculated according to Eq. (2) for the assumption of a homogeneous model. Density and
viscosity values employed in the pressure gradient model are derived from experimental measurements. Density is
interpolated from the data of

Figure 2. For the viscosity, it is used the data outlined in Table 2.

One can notice that the only parameter that is not obtained experimentally is the friction factor. Since Reynolds number
range from 30 to 310, flow regime is laminar and the Hagen-Poiseuille equation is applicable for friction factor estimation,
as Eq. (4).

Results are shown in

Figure 6. Each point on the graph is obtained using average data derived from an experiment under steady state
conditions of mass flow (by FIT-01), density (by FIT-01), temperature (by TT-01 and TT-02), and pressure (by PT-2) at
the pump discharge. Thus, it can be concluded that experiments are repeatable.

One can observe that the homogeneous model underpredicts the pressure gradient. Besides, the majority of points are
between the refence lines of -10% and -25%, indicating the deviation of the models.

30000
25000 1
£ 20000 1 o —
‘Q—i // ,r‘.".‘. e + 10%
_Z 15000 1 s G e e
5 Wt o »  H20=07%
& 10000 1 . H20-10%
= s H20=15%
4 H20 =20%
3000 e H20=25%

0 5000 10000 15000 20000 25000 30000
(dP/dz)exp[Pa/m]

Figure 6. Pressure gradient

In order to estimate the deviations in pressure gradient prediction, Eq. (17) is used. Results are shown in
Figure 7.

A(dP/dz)::(dP/dZLﬂc_(dP/dsz

(dP/dz) (7)

exp
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Figure 7. Error in pressure gradient prediction by homogeneous model

For the emulsion with 7% of H,O, errors are between -3.5% and -23.3%. For the emulsion with 10% and 15% of H,0,
deviations range from -10% to -23%. For the emulsions with 20% of H,O, pressure gradient errors are between -6% and
-28%. Lastly, for the emulsion with 25% of H,O, the deviations are between -15.1% and -17.9%. Observing Eq. (2), the
only parameter which is not measured is the friction factor. Thus, the friction factor used may not be suitable for the
emulsion flow.

Furthermore, it is not possible to associate the errors in pressure gradient prediction with water volume fraction of the
emulsions. However, one can observe the reduction in errors with the increase of Reynolds number.

4. FINAL REMARKS

This study analyzed the pressure drop for water-in-oil emulsions flows, comparing models for predicting density,
viscosity and pressure gradient.

The objective of this work is to analyse the pressure drop for water-in-oil emulsion flows, with viscosity ratio of 130
and water volume fraction between 7% and 25%. The evaluation is performed in a horizontal section. The density models
assessment show errors from 0.7% to 1.4%. The prediction errors tend to remain stable for a given emulsion sample in
the temperature range from 20°C to 36°C, with a slight increase in density errors as temperature rises. The lowest errors
are found in the emulsion with 15% of H,O, while the highest errors are observed in the prediction for the emulsion with
7% of H0.

In the rheology evaluation, it is found that an increase of fluid viscosity with the water volume fraction. Five models
are assessed for estimation of emulsion viscosity as a function of water fraction. For the emulsion sample with 7% of
H20, the best model is the one of Taylor (1932). For the other samples, with water volume fraction from 7% to 25%, the
Einstein’s model (1906) works best, with deviations from 3.1% to 16.3%.

The pressure gradient calculated using the homogeneous model underpredict the pressure gradient, with deviations
ranging from -5% to -28%. Results indicate a trend towards error reduction as Reynolds number increases. Besides those
deviations, results are repetitive, indicating that the model can be improved.

Thus, in order to improve the homogeneous model for pressure gradient prediction, it is suggested to evaluate the
experimental friction factor using experimental data of the emulsion flow loop with single-phase flow with the oil phase.
Then, the pressure gradient can be calculated and evaluated once mode to provide data for friction estimation.
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