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a b s t r a c t

The current work investigates the plug-to-slug transition in horizontal air–water two-phase flow in small
(38.1 mm) and large (101.6 mm) diameter pipes. An extensive database is established to study the local
interfacial structure in plug-to-slug transition flow. Detailed measurements across the flow area are per-
formed for nine and six test conditions in small and large pipes, respectively, at three different axial loca-
tions downstream of the inlet using the local four-sensor conductivity probe. The effects of jg, jf,
development length and pipe size are investigated. It is found that the number of small bubbles in the
liquid plug/slug increases significantly in plug-to-slug transition with increasing jg, which are generated
by the strong shear between the gas slug and liquid film. Due to the relative motion, these small bubbles
either coalesce with the nose of the following plug/slug bubble, or slide between the plug/slug bubble and
the wall, and then travel around the pipe circumference to reside beneath the large bubbles. This explains
the large number of small bubbles observed at the top of the liquid film for the conditions at high gas flow
rates. In the process of traveling downwards, some of the small bubbles coalesce with the slug bubbles. It
is also found that increasing jg or jf decreases the size of the small bubbles. While shearing-off is believed
to dominate as jg increases, turbulent-impact is enhanced as jf increases due to the increasing turbulence
level in the liquid phase. Increasing jg, development length, or decreasing jf slightly increases the depths
of the plug/slug bubbles; however, significant growth of plug/slug bubbles is observed in the axial direc-
tion. For the same condition, the contribution from large bubbles to total void fraction increases as pipe
size increases, while the distribution of total void fraction is similar. The size of both small and large bub-
bles is found to be larger in the large diameter pipe. Due to the current bubble injection mechanism, small
bubbles are generated at the inlet; they coalesce into large bubbles as the flow develops. The large bubble
is found to accelerate as it grows along the axial direction, which can lead to a decreasing void fraction
although pressure keeps decreasing.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Plug and slug flows exist over a wide range of flow conditions in
horizontal two-phase flow, which are characterized by alternating
appearance of elongated bubbles that occupy the upper portion of
the pipe and liquid regions that occupy the entire cross-sectional
area of the pipe. In previous studies, plug and slug flows were
assumed to consist of a repeatable plug/slug unit as shown in
Fig. 1, which includes the elongated bubble region and the follow-
ing liquid region. While these two flow regimes were usually clas-
sified into a general ‘intermittent’ flow in many previous studies, a

large number of small bubbles was observed in the liquid slug [1–
3], which differentiates slug flow from plug flow. The presence of
these small bubbles can provide large interfacial area for interfacial
mass, momentum and energy transfer. Therefore, additional work
needs to be performed to investigate the transition from plug to
slug flow.

Due to the quasi-periodic gas pocket, plug and slug flows are
inherently unsteady with large variation of mass flow rate, pres-
sure, and velocity in both radial and axial directions even when
the gas and liquid flows supplied to the system are steady. This
can cause severe vibrations of the support structure, especially
when the flow direction is changed. Such an unstable nature must
be considered in the design of two-phase flow systems; therefore,
some efforts have been made to investigate the plug and slug
flows. However, most of these studies were focusing on flow
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visualization [1–4] or investigating plug/slug flow using image
analysis method [5,6], or investigating statistical distribution of
plug/slug flow parameters [7–12]. Despite that the local liquid
velocity measurements were performed in some studies [8,13–
16], very limited work has been performed to obtain the local dis-
tributions of void and interface across the entire cross-sectional
area in plug/slug flow at multiple locations, which is necessary to
understand and model the local interfacial transport phenomena.

Among the limited studies with local measurements, Andreussi
et al. [8] measured the local void fraction in the liquid slug using
optical probe. The void distribution was found to change from a
top wall peaking profile to a symmetric profile as gas flow rate
increases. Kvernvold et al. [13] performed LDV measurements of
liquid velocity in horizontal slug flow. The velocity profiles in both
liquid film and liquid slug were obtained. A strong shear layer was
observed at the top of the liquid film. Sharma et al. [14] measured
the liquid velocity in slug flow using the hot-film anemometry. The
liquid velocity in the liquid film was found to reach a minimum
value at the end of the gas slug, which confirms the conclusion
by Kvernvold et al. [13]. Lewis et al. [15] extended the work by
Sharma et al. [14] and performed the most detailed study to date
on the interfacial structure of slug flow. The bubbles were divided
into two groups based on their sizes. The statistical distribution of
chord length for small bubbles was obtained by assuming the liq-
uid velocity equals to the bubble velocity. The void fraction of
small bubbles was observed to increase toward the top wall while
that of large bubbles was relatively flat above the liquid film. The
mean liquid velocity was found to be asymmetric with the largest
values located at the upper part of the pipe. Meanwhile, a strong
shear layer was also observed at the top of the liquid film. Addi-
tionally, the turbulence in the liquid phase was found to increase
due to the bubble-induced turbulence. Increasing gas flow rate
not only increased the absolute turbulence, but also increased
the turbulent intensity in the liquid phase. More recently, Thaker
and Banerjee [16] measured the liquid velocity in liquid slug and
liquid film using the LDV system.

However, the above local measurements of void fraction and
bubble chord length were only performed along the vertical radial
direction at one axial location [8,15]. No detailed distributions of
void fraction and bubble size were obtained over the entire
cross-sectional area at multiple locations. Due to the asymmetric
gas distribution in horizontal plug/slug flow, these local measure-
ments cannot generate reliable area-averaged two-phase flow
parameters. Meanwhile, since the hot-film anemometry cannot
measure the interfacial or gas velocity, using liquid velocity to esti-
mate the chord length of small bubbles [15] may reach incorrect
conclusions. Additionally, the application of hot-film anemometry

is limited to the low void fraction condition. To employ this mea-
surement technique to highly aerated horizontal slug flow may
be challenging due to the large number of small bubbles in the liq-
uid slug.

The current work performs detailed experimental study to
investigate the local interfacial structure in plug-to-slug transition
flow in two different pipe sizes. The local distributions of void frac-
tion, interfacial area concentration, bubble size and bubble velocity
due to small and large bubbles are obtained across the entire flow
area using the local four-sensor conductivity probe. Considering
that the ratio between the characteristic bubble length scale (e.g.
bubble Sauter mean diameter or bubble chord length) and the pipe
diameter may govern the severity of the asymmetry in the bubble
distribution in horizontal plug/slug flow, the local data obtained in
the current study are also employed to quantitatively investigate
the effect of pipe size on the local interfacial structure.

2. Experimental facility and test conditions

Experiments are performed in horizontal plug and slug flows in
two test facilities with inner diameter of 38.1 mm and 101.6 mm,
under atmospheric pressure condition at room temperature. Air
and water are supplied to the test section as working fluids
through the two-phase injectors. Both injectors employ a double
annulus design to ensure that nearly constant size bubbles (2–3
mm) are generated even when the liquid flow rate is different
[17,18]. Simplified schematic drawings of the test facilities are
shown in Fig. 2. The test sections are constructed from acrylic pipe
segments in both small (38.1 mm) and large (101.6 mm) diameter
test facilities. The maximum lengths of the straight section down-
stream of the two-phase injectors are 9.5 m (or 250 D) for the small
pipe and 9.1 m (or 90 D) for the large pipe. Along each test section,
at least three instrumentation ports are prepared as shown in
Fig. 2, which are designed for flow visualization study, measure-
ments of two-phase static pressure and local two-phase flow
parameters. In the current work, the miniaturized four-sensor con-
ductivity probe [19] is employed to investigate the local interfacial
structure in plug and slug flows. Database is established including
various two-phase flow parameters such as void fraction (a), inter-
facial area concentration (ai), bubble velocity (vg), and Sauter-mean
diameter (Dsm). The measurement of ai from the multi-sensor con-
ductivity probe is based on the definition of local time-averaged
interfacial area concentration [20,21]:

ati ¼
1
T

XN
j¼1

1
jv i � nij

� �
j

ð1Þ

where vi, ni and N are the interfacial velocity, interfacial unit normal
vectors for the jth interface, and the number of interfaces passing a
point within the time interval T. Since this miniaturized four-sensor
conductivity probe along with its signal-processing scheme was
introduced, significant efforts have been made to improve this mea-
surement technique [22,23]. By accounting for the missing bubbles
due to lateral motion of the bubbles and the probe geometry, Wu
and Ishii [24] have shown that the uncertainty for ai measurement
of small bubbles using double-sensor conductivity probe is ±7%.
Since large bubbles (elongated plug/slug bubbles) are confined by
the pipe wall and have lower possibilities to be missed, the contri-
bution from missing bubbles should be less. As such, ±7% uncer-
tainty is considered as the highest possible uncertainty for the
two-phase flows investigated in the current work. Recently, Wang
et al. [25] confirmed that the difference for vg between double-
sensor probe and imaging system measurement is about ±7%. For
horizontal flow, Rau et al. [26] obtained a similar percentage differ-
ence between four-sensor conductivity probe and image analysis
method for vg measurement of plug bubbles. Since the ai is calcu-

Fig. 1. Simplified sketch of plug (upper) and slug (lower) unit in horizontal two-
phase flow. Flow direction: from left to right.
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