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H I G H L I G H T S

• A low computational tool for heat transfer prediction on slug flows is presented.
• The scooping phenomenon is modeled on a stationary approach.
• The scooping phenomenon improved in 8% the heat transfer results.
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A B S T R A C T

The heat transfer between the deep sea waters and the oil and gas mixtures flowing through produc-
tion lines is a common situation in the petroleum industry. The optimum prediction of the liquid–gas
flow parameters along those lines, when the intermittent flow pattern known as slug flow is dominant,
has extreme importance in facilities’ design. The mixture temperature drop caused by the colder sea waters,
which can be regarded as an infinite medium with constant temperature, directly affects physical prop-
erties of the fluids such as the viscosity and specific mass. Gas expansion may also occur due to pressure
and temperature gradients, thus changing the flow hydrodynamics. Finally, the temperature gradient affects
the thermodynamic equilibrium between the phases, favoring wax deposition and thus increasing pres-
sure drops or even blocking the production line. With those issues in mind, the present work proposes
a stationary model to predict the mixture temperature distribution and the two-phase flow heat trans-
fer coefficient based on the mass, momentum and energy conservation equations applied to different
unit cell regions. The main contribution of the present work is the modeling of the thermal scooping
phenomenon, i.e., the heat transfer between two adjacent unit cells due to the mass flux known as scoop-
ing. The model was implemented as a structured Fortran95 code with an upwind difference scheme. The
results were compared to experimental data and presented good agreement. The analysis showed that
the inclusion of the scooping phenomenon into the model resulted in an averaged 8% improvement in
the temperature gradient calculation and heat transfer coefficient prediction for the flowing mixture.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Slug flow is a gas–liquid two-phase flow pattern that occurs over
a wide range of gas and liquid flow rates. It is characterized by the
intermittent succession of two bodies: a liquid slug, which may or
may not contain dispersed gas bubbles in it, and an elongated bubble
sliding over a thin liquid film. Together, those two structures con-
stitute that what is known as a unit cell [1]. The slug and the
elongated bubble possess characteristic velocities and geometric fea-
tures such as lengths and phase fractions. Those characteristics
depend on time and space and their prediction is central in the
design of facilities for industrial applications such as nuclear power
plants and oil and gas transportation systems.

The mathematical modeling of the phenomena involved in slug
flow has been an important research topic over the last decades.
Earlier works modeled slug flows as periodic and stationary, achiev-
ing good mean values for the main parameters (regions lengths,
phase fractions, pressure drops). Those are the so-called mecha-
nistic or stationary models [2–4]. Since 1990s, with the evolution
of informatics, some transient models that capture the intermit-
tent nature of slug flow have been developed [5–9] – at a higher
computational cost nevertheless.

The aforementioned mathematical models applied mass and mo-
mentum conservation equations in a unit cell in isothermal
conditions. Yet, the heat transfer in slug flows is relevant to oil and
gas transportation in long production lines exposed to external con-
ditions, as the effects caused by heat transfer in the flow must often
not be neglected. The temperature variation along the pipe is related
to the variation of the phases’ properties, to the gas expansion/
contraction and to the thermodynamic equilibrium of the phases.
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The latter is a main concern in flow assurance, since paraffin and
wax deposition on the pipe wall increases the head losses and might
block the production line under extreme conditions.

Most literature studies on two-phase flow heat transfer focus on
micro channels [10–12] for micro components cooling. However,
the present work focus on oil and gas pipelines, where capillary
forces are not as influential as they are in micro channels. In this
case, the main parameters affecting heat transfer are the superfi-
cial liquid velocity, the bubble length and translational velocity and
the frequency [13]. Heat transfer experimental studies for medium-
scale slug flows are focused on developing experimental correlations
for the two-phase heat transfer coefficient [1,14–16], whilst some
other works focus on mathematical modeling and simulation with
stationary approaches [17,18], transient approaches [19–21] and the
ones relying upon commercial software as ANSYS-Fluent [22] and
ANSYS-CFX [23]. The mentioned models differ not only with regard
to their approaches but also on their applications (e.g. micro chan-
nels [22], engine cooling [23], medium to large scale slug flow in
ducts [17–21]).

Since the objective of the present work is to present a simple
algebraic model for predicting the main parameters of slug flow in
circular ducts, a stationary approach was chosen, following the efforts
of Medina et al. [18]. Those approaches usually generate explicit
equations, thus turning the relationship between hydrodynamic and
heat transfer easier to address. The present work introduces a math-
ematical modeling coupling the heat transfer to the slug flow
hydrodynamics, mainly discussing the thermal scooping phenom-
ena [1], i.e., the heat exchanged between two consecutive unit cells.
This phenomenon was not taken into account in the previous sta-
tionary model [18]. The characterization of gas–liquid slug flows in
oil and gas production operations is this model’s main objective.
However, only air–water simulations will be herein presented so
that their results can be compared with laboratory data [24] and
the model can be validated.

2. Mathematical model

The mathematical model is based on a dimensional stationary
approach. The mass and momentum conservation equations are
applied in the form of an integral analysis, as already done in

literature [18]. Otherwise, the thermal scooping phenomenon is
modeled by applying the energy conservation equation in its dif-
ferential form to predict the temperatures at the boundaries of the
slug and the liquid film. In addition, an energy balance in its inte-
gral form to model the mixture temperature is used.

The following hypotheses were assumed during the modeling:
(i) stationary, periodic and one-dimensional slug flow, (ii) Newto-
nian fluids, (iii) the mixture is far from the saturation region, (iv)
incompressible liquid and ideal gas, (v) uniform velocity profile in
each unit cell structure, (vi) constant liquid slug holdup, RLS, and con-
stant void fraction in the elongated bubble region, RGB, (vii) no
dispersed bubble entrainment in the liquid film, (viii) no axial pres-
sure variation inside each elongated bubble, (ix) constant pressure
throughout the cross section, (x) negligible shear stresses in the elon-
gated gas bubble and in the liquid–gas interfaces, (xi) negligible gas
momentum and internal energy when compared to the liquid phase
due to the lower density and specific heat of the gaseous phase, (xii)
negligible viscous energy dissipation, (xiii) negligible kinetic energy
compared to the internal energy, (xiv) negligible heat transfer
between the dispersed bubbles and the liquid slug, (xv) constant
external temperature as boundary condition and (xvi) no mass ex-
change between the liquid and gas phases.

2.1. Hydrodynamic model

The hydrodynamic model follows the Medina et al. [18] ap-
proach. The mass and momentum conservation equations in their
integral forms are applied to find, respectively, the specific veloci-
ties of each unit cell region and the pressure drop.

2.1.1. Mass conservation
The liquid and gas mass conservation are applied to the control

volume CV1 shown in Fig. 1, which encloses half of the bubble and
the slug region and is moving forward with the bubble transla-
tional velocity, UT. The mass balance led to the following expressions
for the liquid film ULB and the elongated bubble UGB velocities:
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Fig. 1. Control volumes for conservation equations.
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