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Abstract. This review critically examines the effect of pipe diameter on interfacial structure and flow regime
transitions in horizontal gas–liquid two-phase flows by analyzing experimental, theoretical and computational
studies. It was demonstrated that diameter dramatically alters the balance of gravitational, inertial and surface
tension forces, producing diameter-dependent interfacial structure. In pipes exceeding 100 mm, annular and
intermittent flow regimes are delayed and dispersed flow prevails, whereas in smaller diameters, enhanced inter-
facial effects foster bubbly and slug flows. Stratified flow persists to higher gas velocities in larger pipes, and slug
frequency decreases roughly in inverse proportion to diameter, reflecting the stabilizing effect of increased cross-
section. Void fraction distributions and wave dynamics likewise shift from Kelvin–Helmholtz instabilities in
small tubes to roll wave formation in larger diameter pipes. Current models often underpredict transitions in
large diameter pipes, where reduced slug frequency and modified holdup profiles emerge. This work elucidates
the mechanisms of slug stability, bubble coalescence, and wave growth, identifies gaps in transient dynamics,
two-phase interactions, and fluid property influences, and recommend large-scale experiments, high-resolution
diagnostics, refined dimensionless group frameworks, Reynolds number, Froude number, and Eotvos number
and advanced Computational Fluid Dynamics scaling approaches to guide diameter-specific design in energy
and process engineering.

Keywords: Two-phase flow / Diameter effects / Interfacial structure / Flow regime transitions / Void
fraction.

1 Introduction

Gas–liquid two-phase flow in horizontal pipes is a critical
phenomenon underpinning diverse industrial applications,
from petroleum transportation and chemical processing to
nuclear reactor cooling systems. The complex interfacial
structures governing phase interactions directly dictate
key operational parameters, including pressure drop, heat
transfer efficiency, and flow stability. Among geometric fac-
tors influencing these dynamics, pipe diameter stands as a
fundamental variable controlling interfacial evolution, flow
regime transitions, and system scale behavior. Despite its
significance, most existing analytical models and system
analysis codes neglect diameter-dependent effects in their
constitutive relationships or scaling frameworks. This
oversight can lead to substantial prediction deviations,
overly conservative safety margins in design, and subopti-

mal operational decisions. Consequently, a systematic
understanding of diameter’s role is essential to enhance
predictive accuracy and engineering reliability. This review
synthesizes current knowledge on diameter-mediated inter-
facial phenomena, including slug stability, bubble coales-
cence, and wave dynamics to address critical gaps in
transient modeling and fluid property interdependencies.
The work further evaluates pathways toward diameter
informed design, emphasizing the integration of large-scale
experiments, advanced diagnostics, refined dimensionless
groups Reynolds, Froude, Eötvös, and high-fidelity Compu-
tational Fluid Dynamics approaches for energy and process
engineering applications.

While seminal studies by Mandhane et al. [1] and Taitel
and Dukler [2] established the classical flow regime classifi-
cations (dispersed, separated, and intermittent flows),
recent work by Kong et al. [3] and Wang et al. [4] has
revealed important diameter-dependent effects on interfa-
cial wave characteristics, phase distribution, and flow tran-
sition mechanisms in conventional pipes. Despite these
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advances, a systematic understanding of diameter scaling
effects remains incomplete, particularly for industrial scale
systems where flow regime transitions and interfacial
stability have direct implications for system design and
operation. This review summarizes the literature on exper-
imental, theoretical, and computational studies to elucidate
the role of pipe diameter in interfacial structure evolution,
addressing critical knowledge gaps in diameter-dependent
scaling laws, reconciling inconsistencies in existing models,
and providing mechanistic insights into flow transitions,
void fraction and interfacial wave dynamics. By focusing
on conventional pipe sizes often overlooked in microchan-
nel-dominated literature, this work aims to bridge funda-
mental research with practical applications, offering a
comprehensive framework for optimizing two-phase flow
systems in energy and process industries.

2 Effects of pipe diameter on flow regime
transition

The following section analyze the influence of pipe diameter
on interfacial structures in horizontal two-phase flows. Key
trends, inconsistencies, and unresolved issues are examined,
with particular emphasis on diameter-dependent scale
effects, including interfacial wave dynamics, void fraction
distribution, and flow regime transitions. The pipe diameter
critically influences interfacial structures in multiphase
flows by modulating the balance between surface tension,
gravitational, and turbulent forces. In small diameter pipes,
surface tension dominates, stabilizing interfaces to form reg-
ular bubble and slug patterns while suppressing waves,
thereby delaying flow regime transitions. Numerous studies
[5–9] have examined two-phase flow regime transitions in
horizontal pipes, yet few focused on pipe diameter’s effect
on interfacial structures. Existing reviews, such as that of
Ahmed et al. [10] on liquid-liquid flows and that of Brauner
et al. [11] on small diameter tubes, overlook this aspect.
A critical gap remains in understanding how diameter influ-
ences interfacial behavior in conventional pipes, warranting
further research. The accurate prediction of flow regime
transitions is vital for nuclear reactor safety and the fidelity
of analysis codes. Pipe diameter critically governs intermit-
tent slug flow, a key driver of destructive vibrations and
thermal fatigue. However, predictive capability is limited
as models and flow maps calibrated on small-scale labora-
tory pipes fail in large-diameter reactor piping, introducing
significant uncertainty [12]. This is critical because, as Cao
et al. [13] demonstrate, slug formation differs between
small-lab and larger industrial pipelines. Therefore, accu-
rate diameter-dependent modeling is essential for nuclear
analysis codes to reliably simulate coolant behavior across
all pipe scales.

Taitel and Dukler [2] developed a model for predicting
flow regime transitions in horizontal and near-horizontal
gas–liquid flows. They used pipe diameters of 12.5 mm,
50 mm, and 300 mm. In their work, they identified five
dimensionless groups to govern all flow regime transitions.
These dimensionless parameters were derived from flow
rates, pipe diameter, fluid properties and inclination

angle. Each flow regime has equations specifically for its
prediction. To demonstrate pipe diameter effects, theoreti-
cal boundaries were recalculated for air–water at 25 �C
and 1 atm in 12.5 mm, 50 mm, and 300 mm pipes. These
are shown in Figure 1 as three flow-regime maps with super-
ficial liquid velocity jf on the horizontal axis and superficial
gas velocity jg on the vertical axis (both logarithmic).
Panels from left to right correspond to increasing diameter.
Solid curves A–E denote theoretical transitions: A (strati-
fied smooth to wavy), B (stratified to intermittent),
C (stratified to annular/dispersed), D (intermittent to dis-
persed-bubble), and E (annular to dispersed-bubble).
Dashed lines indicate empirical boundaries from Mandhane
et al. [1], based on 13 mm to 50 mm pipes. Boundaries B
and C are diameter-independent, while A, D, and E shift
with pipe size. Figure 1 shows minimal diameter sensitivity
in the 20 mm to 50 mm range (middle panel), with good
agreement to Mandhane. In the 300 mm pipe (right panel),
boundaries A, D, and E shift to higher gas velocities,
expanding the stratified region. This highlights significant
error when applying a single (jg–jf) map to large-diameter
systems, where stratified flow persists to much higher gas
rates. The results align well with experimental data of
Mandhane et al. [1], who studied flow regime map for gas
and liquid in horizontal pipes using pipes with diameters
ranging from 12.7 mm to 165.1 mm. The results confirm
the persistence of stratified flow at higher gas rates in larger
pipes and intermittent flow’s sensitivity to inclinations. In
high-pressure systems, transitions shift toward lower gas
velocities owing to increased gas density. This behavior
remained consistent across different pipe sizes, inclinations,
and fluid properties. Another study was conducted by
Weisman et al. [14], who studied effect of fluid properties
and pipe diameter in two-phase flow regimes in horizontal
pipes, using air–water as fluid in 12 mm and 50 mm pipe
diameters. They extended their analysis to glycerine,
potassium carbonate, and Freon vapor to examine liquid
viscosity, density, surface tension, vapor density, and pipe

Fig. 1. Effect of pipe diameter on transition boundary [2].
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diameter effects. Their results shows that larger diameters
delayed annular and intermittent flow but accelerated dis-
persed flow transitions. Furthermore, a larger pipe diameter
delays the transitioning to annular and intermittent flows
while advancing the transition to dispersed. Additionally,
they improved existing dimensionless correlations, with
the revised versions predicting more accurately than their
predecessors by explicitly incorporating diameter effects
into their predictive correlation.

Jepson and Taylor, [15] examined slug flow and its tran-
sitions in large diameter of 300 mm in horizontal pipes,
using air and water as fluids, they compared their results
with smaller pipes to evaluate diameter effects. Their study
revealed critical diameter-dependent phenomena that chal-
lenge conventional two-phase flow models. Key findings
show that pipe size significantly influences the flow regime
transitions. Stratified to slug transitions required higher liq-
uid velocities in larger pipes, while annular flow initiated at
lower gas velocities in larger diameters. The study demon-
strates an inverse relationship between pipe diameter and
slug frequency. From their results, it is evident that at
3 m/s gas velocity, frequency was found to be 100 slugs
per minute in 25.4 mm pipe while in 300 mm pipe it was
10 slugs per minute. Although for 300 mm, liquid velocity
used was slightly higher 0.97m/s compared to 0.91 m/s
used by Gregory et al. [16]. The author identified limita-
tions in the Taitel and Dukler [2] model for large-diameter
pipes, attributing these to blow-through phenomena,
and consequently developed a new diameter-dependent
dimensionless group to correlate mixture velocities across
varying pipe sizes. Holdup analysis reveals a consistent
decrease with increasing diameter, measurements show a
reduction from 0.55 in 25.4 mm pipes to 0.38 in 300 mm
pipes. Conversely, slug lengths exhibit a positive correlation
with both gas velocity and pipe diameter. The research
highlighted the limitations of small pipe correlations for
large diameters and stressed the need for diameter specific
models to address unique large pipe behaviors like reduced
slug frequency and modified transition criteria.

Al-Wahaibi et al. [17] investigated oil-water two phase
flow in 19 mm and 25.4 mm diameter pipes, finding that
smaller diameters promotes stratified, bubbly, and annular
flows while suppressing dual continuous and dispersed oil
in water flows. They attributed this to the increased
dominance of interfacial forces in narrower pipes, which
delays transitions to non-stratified flow regimes. Recently
Deendarlianto et al. [5] expanded this work using 16 mm
and 50 mm diameter pipes, revealing that larger diameters
requires higher liquid velocities for stratified to slug transi-
tions but lower velocities for pseudo slug to slug transitions.
Their data shows plug flow occurred only in the 50 mm
pipe, with 16 mm and 26 mm diameter pipes exhibiting
similar flow regimes as shown in Figure 2. Their findings
were consistent with studies by Kong et al. [3], Lin and
Hanratty [6] and Mandhane et al. [1]. Kong et al. [3] con-
ducted an experimental study examining the influence of
pipe diameter on horizontal two-phase flow, with a focus
on flow regime transitions, pressure drop characteristics,
and drift-flux behavior. The results show that in larger
pipes, bubbles concentrate near the top wall, reducing
flow area and promoting coalescence into larger bubbles.

This increases Sauter mean diameter, explaining why
bubbly to plug and bubbly to slug transitions require higher
liquid velocities in larger pipes. while few have investigated
larger diameters exceeding 100 mm, Z. Li et al. [18]
conducted air–water two phase flow experiments on flow
structure and flow regime transitions in a 203.2 mm diam-
eter pipe, the results were compared with Mandhane et al.
[1] and Kong et al. [19] studies and it revealed a significant
discrepancies with smaller diameter studies. Mandhane’s
sub 50 mm data show transitions at superficial liquid veloc-
ity approximately 0.15 m/s, while the 203.2 mm pipe
required superficial gas velocity of 0.70 m/s, which is nearly
five times higher as depicted in Figure 3. Key differences
emerged in stratified to intermittent transitions: larger
pipes need (1) greater liquid velocities to maintain thicker
films and generate upper wall reaching waves, and (2)
overcome enhanced surface instability disrupting plug/slug
formation. Consequently, stratified flow persists across
wider operational ranges in large diameters, demonstrating
the inadequacy of small-pipe correlations beyond certain
scales. These systematic diameter-dependent variations
highlight the need for scale-adapted models in two-phase
flow predictions.

Lin and Hanratty [6] conducted an experimental study
on two-phase flow, focusing on the effect of pipe diameter
on flow regime transitions in horizontal air–water systems.
Their experiments utilized pipes with diameters of 25.4 mm
and 95.3 mm under near atmospheric conditions. The study
primarily examined separated and intermittent flow
regimes; their results revealed distinct transition mecha-
nisms. Slug flow initiation shows strong diameter depen-
dence at low gas velocities. The stratified to annular
transition differed significantly: the 25.4 mm pipe transi-
tioned via wave atomization deposition, while the
95.3 mm pipe used entrainment deposition. These results
contradict with Taitel and Dukler [2] wave wetting theory.
Small pipes transitioned via wave mixing at high liquid

Fig. 2. Effect of superficial velocity on flow regime transition
lines [5].
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velocities (pseudo slug to annular), while large pipes
used droplet entrainment. Pseudo-slugs diminished with
diameter, vanishing completely when waves contacted the
upper wall in large pipes, whereas small pipes’ thin films
prevented this.

Abduvayt et al. [20] studied the effects of pressure and
pipe diameter on gas–liquid two-phase flow behavior in
54.9 mm and 106.4 mm diameter pipelines; they found that
pressure and pipe diameter significantly affect flow regime
transitions lines. Higher pressure shifted boundaries to lower
gas velocities, while larger diameters maintained stratified
flow at increased liquid velocities. Liquid holdup decreased
with gas velocity but varied with pressure and inclination.
Both studies demonstrate how scale dependent mechanisms
challenge universal flow transition models. Experimental
characterization of horizontal gas–liquid two-phase flow
revealed distinct sub flow regimes within stratified and
intermittent flow patterns. These include smooth stratified,
two-dimensional waves, three-dimensional waves, roll
waves, entrainment droplet with roll waves, pseudo slug
with roll waves, plug, less aerated slug, and highly aerated
slug. Crucially, pipe diameter significantly influences the
onset conditions for complex sub flow regimes, with larger
diameters delaying transitions to flow regimes of higher
complexity until higher gas velocities are attained. This
foundational classification and diameter-dependent analysis
were established through detailed experimental work [7].
The formation of liquid slugs is significantly controlled by
both the pipe diameter and the design of the inlet mixer.
Specifically, larger pipe diameters require higher liquid
superficial velocities to trigger slug formation, as established
through flow structure visualization studies.

Slug instability describes irregular variations in slug
frequency, length, and velocity in horizontal gas–liquid
flows, causing pressure and hydrodynamic fluctuations.

Studies of Taitel and Dukler [2], Nydal et al. [21], Barnea
et al. [22] show that a stable slug lengths typically range
between 15 and 40 pipe diameters in horizontal and near-
horizontal pipelines, this length is diameter-dependent
rather than flow rate dependent. This relationship critically
influences elongated bubble merging and interfacial struc-
ture, as slug length governs bubble movement. Research
consistently identifies the velocity difference between a
slug’s nose and tail as a governing mechanism for structural
integrity [23]. Dukler and Hubbard [24] established the
stability criteria for slug flow, requiring that the tail velocity
of the elongated Taylor bubble be greater than or equal to
the nose velocity and that the liquid film velocity behind
the bubble equal the slug body velocity. According to
Bendiksen et al. [25], slug flow reaches a stable condition
when damping effects become dominant, causing the veloc-
ity at the front of the liquid slug (which coincides with the
tail of the preceding elongated bubble) to equilibrate with
the velocity at the slug tail. Deendarlianto et al. [5] experi-
mentally validated these principles in 16 mm and 50 mm
diameter pipes, they found that tail velocity consistently
surpassed the nose velocity across all diameters, and that
tail velocity decreased inversely with diameter. Larger
diameters enhanced stability by reducing tail velocities,
with 50 mm pipes forming elongated bubbles versus pseudo
slugs in smaller diameters of 16 mm to 26 mm. This diam-
eter-dependent behavior is due to wetted perimeter effects,
where larger pipes reduce tail velocity of the elongated
below hydraulic jump thresholds. Consequently, stratified
to slug transitions require higher liquid velocities in larger
pipes, while pseudo slug to slug transitions need lower
velocities.

Woods et al. [26] investigated frequency and develop-
ment of slug in horizontal air–water two phase flow through
76.3 mm and 95 mm diameter pipes, examining effects of
superficial gas and liquid velocities as well as pipe diameter
on slug frequency. The study of fully developed slugs reveals
an inverse relationship between diameter and slug fre-
quency as shown in Figure 4 consistent with prior literature.
Figure 4 compares slug frequency measurements for air–
water flows in horizontal pipes of various diameters. The
horizontal axis represents the liquid flow fraction also
known as intermittency, I, defined as the fraction of time
a slug is observed by a stationary observer, given by
jf/(jf +jg), where jf is the superficial liquid velocity and jg
is the superficial gas velocity (m/s). The vertical axis shows
the dimensionless slug frequency fSD/jf, where fS is the slug
frequency (s�1) and D is the pipe diameter. Interestingly,
while slug frequency grows linearly with superficial liquid
velocity, it hits a minimum when gas velocity reaches
4 m/s, matching the results reported by Fan et al. [27].
Woods emphasize the necessity of fully developed slugs.
This is supported by the study of Greskovich and Shrier
[28], who could not draw the conclusion because the slug
flow failed to fully develop due to insufficient entrance when
investigated pressure drop and holdup in horizontal slug
flow using pipe diameters ranging from 38.1 mm to 154.1
mm. Tarahomi et al. [29] conducted research in two-phase
flow by simulation in inner diameters of 52 mm and
38.1 mm with 10.4 m and 9.5 m in length respectively. They
also scaled down diameters to 13 mm and 9.525 mm with

Fig. 3. Flow regime transitions for 203.2 mm horizontal pipe,
comparative assessment with literature. P: plug, P-Slug: pseudo-
slug, S: stratified [18].
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length of 2.6 m and 2.5 m respectively. Results were com-
pared and matched the experimental data from Ottens
et al. [30] and Kong and Kim [19] across all flow regimes
stratified, slug, bubbly, etc. The study show diameter signif-
icantly affects transition boundaries, larger pipes required
higher superficial liquid velocity for bubbly to plug transi-
tion and higher superficial gas velocity for plug to slug tran-
sition as illustrated in Figure 5. Compared to smaller
diameters, larger pipes consistently require higher superfi-
cial liquid velocity and higher superficial gas velocity values
for flow regime changes.

The systematic investigations of da Silva et al. [31]
further provides comprehensive evidence of the profound
effect of pipe diameter on two-phase flow regime transi-
tions, studying diameters from 27.3 mm to 102.7 mm,
demonstrated that flow pattern transition boundaries are
not universal, with larger diameters shifting the onset of
intermittent slug flow and altering stratified flow struc-
tures. Complementing on this Fossa et al. [32] revealed that
diameter also governs the internal physics of the resulting
slug flow. Their work on 40 mm and 60 mm pipes showed
that slug frequency scales inversely with diameter and,
critically, that the fundamental mechanism triggering slug
aeration changes with conduit size. This combined evidence
firmly establishes pipe diameter as a critical parameter,
controlling not only the transitions between flow regimes
but also the intrinsic characteristics of the flows themselves.

Barnea et al. [22] studied two-phase flow in small hori-
zontal pipes of diameter 4 mm to 12 mm, finding that cap-
illary action causes liquid bridging and intermittent flow at
low flow rates, unlike larger pipes which maintain stratified
flow. They attributed this phenomenon to surface tension
effects dominating in small pipes, as opposed to Kelvin–
Helmholtz instabilities prevailing in larger diameter pipes.
Their work reveals discrepancies with the Taitel and Duk-
ler’s model for stratified to annular transitions in small
pipes at low liquid rates. However, no explanation was pro-
vided for this discrepancy. Galbiati and Andreini [33]
extended this research in stratified to annular transition
in small horizontal tubes using diameters of 4 mm to 12.3
mm, incorporating surface tension effects into a modified

version of the Taitel and Dukler’s model. The results reveal
that gravity governs flow transitions in tubes with
diameters greater than one millimeter, whereas surface
tension dominates in capillary sized tubes with diameters
of one millimeter or smaller, rendering the tube slope
insignificant in such cases. They found that as diameter
increases, gravitational forces outweigh surface tension
effects. Incorporating surface tension significantly improved
model predictions of the stratified to annular transition in
small diameter tubes. The modified model demonstrates
strong agreement with experimental data, effectively
addressing the discrepancies found in earlier models. Brill
et al. [34] studied two-phase flow in large diameter Prudhoe
Bay pipelines using 304.8 mm and 406.4 mm diameters.
They analyzed pressure losses, flow patterns, slug lengths,
and holdup. They found that slug flow transitions occurred
at lower liquid rates than predicted by Mandhane et al. [1]
or Taitel and Dukler [2], indicating existing models needs
scaling adjustments. Furthermore, slug lengths follow log
normal distributions, enabling probabilistic maximum
length estimates. This mechanistic model accurately pre-
dicts holdup in slug or bubbly flows, providing new insights
into slug dynamics and overrun effects in large pipes.

Pipe diameter plays a critical role in governing interfa-
cial wave dynamics in multiphase flows, directly influencing
flow regime transitions and system stability. While surface
tension dominates in small-diameter pipes, gravitational
forces primarily control wave behavior in larger pipes.
A thorough understanding of these scale-dependent mecha-
nisms, framed through the lens of interfacial instability
models, is essential for effective pipeline design and opera-
tional efficiency. This section reviews existing research on
the influence of pipe diameter on wave characteristics,
framed within the foundational perspective of linear stabil-
ity theory and the subsequent nonlinear evolution of finite-
amplitude waves.

The Kelvin–Helmholtz (K–H) instability is the primary
linear stability model used to predict the initial onset of
waves from a stratified interface. This analysis provides a
critical velocity for instability but is limited to infinitesimal,

Fig. 4. Measurements of slug frequency for different pipe
diameters [26].

Fig. 5. Flow regimes classification results [29].
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initial wave growth. The work of Andritsos et al. [35] and
Brauner and Maron [36] are key examples that explore
the limits of this theory under the influence of diameter
and fluid properties. Andritsos et al. showed that for viscous
liquids greater than 20 cP, slugs form from small-wave-
length K–H waves, contradicting classical inviscid theory
but aligning with a viscous K–H model. Their finding that
transition velocities were lower in a 25.2 mm pipe than in a
95.3 mm pipe highlights a direct diameter effect on the lin-
ear stability boundary. Building on this, Brauner and
Maron [36] provided a crucial refinement for small diame-
ters, demonstrating that the common assumption of infinite
wavelength becomes invalid as the Eötvös number
decreases below unity. In these small pipes, surface tension
effects necessitate the consideration of finite-wavelength
disturbances, causing the neutral stability curves (RC and
ZRC lines) to diverge significantly from their behavior in
large-diameter pipes where gravity dominates and infinite-
wave models are valid. The foundational K–H analysis for
horizontal flow was also extended by Taitel and Dukler
[2], whose model for flow regime transitions is heavily based
on a linear stability criterion and remains a benchmark,
implicitly showing how the stability threshold varies with
pipe diameter through the hydraulic depth.

Although Linear models predict the onset of waves, but
nonlinear wave evolution models are required to describe
their finite-amplitude growth, coalescence, and the subse-
quent transition to slug flow. The research of Deendarlianto
et al. [5], provides critical insight into these diameter-depen-
dent nonlinear processes. They examined air–water flow in
16 mm to 50 mm diameters, observing the evolution from

stratified smooth flow to waves and finally to slugs. Their
work highlights the role of wave coalescence, which is ampli-
fied by increasing the superficial gas velocity. Most impor-
tantly, they introduced a mechanistic framework based on
the competition between the timescale for a wave to grow
vertically to touch the pipe top and the timescale for it to
grow axially. In larger diameters, the axial growth timescale
dominates, which suppresses slug formation and favors the
development of roll waves, thereby necessitating higher gas
velocities for transitions. This sequential process of wave
growth and slug formation is further illustrated by Lam
et al. [37] and Akhlaghi et al. [38]. Their work shows how
waves triggered by K–H instability grow, then later block
the pipe, and form slugs, a process that varies with pipe
diameter. Larger diameters favor roll waves due to the
greater cross-sectional area that must be bridged and the
different force balances at play. The study by Ruder et al.
[39] also contributes to this understanding by detailing
the formation of tiny bubbles behind wave tails, which is
a key feature of the complex, nonlinear roll wave structure.
Recent analyses by Barmak et al. [40], confirms that
Froude-number scaling is only valid for D greater or equal
to 100 mm, below which surface tension stabilization dom-
inates. This underscores the critical need for scale-appropri-
ate models that explicitly incorporate diameter-dependent
transition criteria for reliable industrial application across
all pipe sizes.

This review highlights the critical need for developing
scale appropriate models that can properly account for
diameter-dependent transition mechanisms across the full
range of pipe sizes encountered in industrial applications.

Table 1. Experimental and theoretical studies on effect of pipe diameter on flow regime transitions in horizontal
two-phase flow.

Author Dpipe (mm) Flow regime Temperature Pressure jf (m/s) jg (m/s) Aim of study

Al-Wahaibi
et al. [17]

19, 25.4 Dispersed,
Stratified

25 �C 5.5 (oil) and
1.0 mPa (water)

0.10–2.6
(water)

0.10–2.0
(oil)

Examine diameter
reduction on flow
patterns

Deendarlianto
et al. [5]

16, 26, 50 Separated,
Intermittent

Ambient
temperature

– 0.03–0.30 0.7–10.0 Diameter effects on
slug flow transition

Li et al. [18] 203.2 Stratified,
Intermittent

Ambient
temperature

Atmospheric
pressure

0.1–1.75 0.02–3.0 Flow regime criteria
for large pipes.

Taitel and
Dukler [2]

12.5, 50, 300 Slug,
Stratified,
Annular,

25�C Atmospheric
pressure

– – Predict five flow
regime transitions

Bendiksen
et al. [25]

76.3, 95 Intermittent 21�C–29.5�C Atmospheric
pressure

�0.5 >1.0 Slug flow and slug
growth mechanisms

Jepson and
Taylor [15]

300 Slug Ambient
temperature

Atmospheric
pressure

0–3.0 – Diameter influence
on slug parameters

Barnea
et al. [22]

4–12 Stratified
Annular

Ambient
temperature

Atmospheric
pressure

– – Stratified to annular
transition

Mandhane
et al. [1]

12.7–165.1 Stratified,
Dispersed,

– – 0.001–7.3 0.04–170.7 Flow regime map for
wide parameter

Brill et al. [34] 305, 406 Slug 85 �C 40.83 atm – – Understanding slug
flow dynamics

Da Silva
et al. [31]

27.3, 52.8,
81.3, 102.7

Stratified,
Intermittent

– – 0.02–6 0.15–15 Diameter effect on
flow regimes

Res. Des. Nucl. Eng. 2, 2025013 (2026)6



Table 1 summarizes experimental and theoretical studies on
the effects of pipe diameter in horizontal two-phase flows,
comparing flow regimes and geometric parameters across
different investigations. All studies used air–water
mixtures, except for those by Al-Wahaibi et al. [17] and
Brill et al. [34], who used oil and water. Based on the obser-
vations in the table, slug flow has been widely studied in
terms of diameter scaling, while bubbly flow is primarily
analyzed in larger pipes. In contrast, studies on annular
flow transitions remain limited. Small pipes tend to favor
intermittent flow due to dominant inertial forces, although
significant data gaps still exist for oil-water systems and
diameters greater than 100 mm. Additionally, transitions
from stratified to slug flow occur at lower liquid velocities
in constrained geometries.

3 Effect of pipe diameter on interfacial waves

Pipe diameter plays a critical role in governing interfacial
wave dynamics in multiphase flows, directly influencing
flow regime transitions and system stability. While surface
tension dominates in small-diameter pipes, gravitational
forces primarily control wave behavior in larger pipes.
A thorough understanding of these scale dependent
mechanisms is essential for effective pipeline design and
operational efficiency. This section reviews existing research
on how pipe diameter affects wave characteristics, including
wavelength, film thickness, and propagation velocity across
various flow condition. While numerous studies [5, 35, 41]
have investigated wave phenomena using Kelvin–
Helmholtz instability theory, relatively few have explored
the influence of pipe diameter on these wave characteristics.
Andritsos et al. [42] experimentally studied the effect of liq-
uid viscosity on the stratified to slug transition in horizontal
pipes. They used pipe diameters ranging from 25.2 mm to
95.3 mm and liquid viscosities between 1 and 100 cP,
finding that higher viscosities stabilize the flow, thus
requiring greater liquid heights for slug formation. For
viscous liquids greater than 20 cP, slugs arise from small
wavelength Kelvin–Helmholtz waves, contradicting classi-
cal inviscid theory but matching viscous Kelvin–Helmholtz
models. Furthermore, pipe diameter affects transitions lines
differently based on viscosity: nonlinear processes dominate
at low gas velocities, while large amplitude Kelvin–
Helmholtz waves prevail at higher velocities. Additionally,
the required superficial velocities in 25.2 mm diameter are
lower than that of 95.3 mm diameter at same viscous liquids
of one centipoise.

Brauner and Maron [43] studied the identification of the
range of small diameters pipes, regarding two-phase flow
regime transitions with Eötvös number less than one where
surface tension dominates. Unlike Andritsos et al. [42] who
assumed infinite waves, their analysis considered finite
wavelength disturbances critical for small diameters. While
large pipes show converging Real Characteristic (RC) and
Zero Real Characteristics (ZRC) lines (validating infinite
wave models), these diverge significantly in small pipes
due to surface tension effects. The study established
that the liquid height to diameter ratio (H/D) determines

transition behavior, flows remain stratified wavy when the
ratio (H/D) is less than 0.5, while H/D greater than
0.5 triggers flow regime transitions. For the intermediate
range (H/D) approximately 0.5 produces large waves and
pseudo slugs. This reveals how surface tension alters stabil-
ity criteria in small conduits, challenging large pipe assump-
tions and providing a unified transition framework
accounting for finite wavelength effects. Additionally, they
find that in large pipe diameters, the RC and ZRC lines con-
verge, making the assumption of infinite wave lengths valid.
For pipes with an Eotvos number less than unity, surface
tension effects dominate, defining the “small diameter”
range. The Research by Cao et al. [13] systematically inves-
tigated diameter’s impact on slug frequency in horizontal
pipelines using data from 26 mm to 300 mm pipes. Their
analysis confirmed slug frequency is inversely proportional
to diameter, as a larger cross-section reduces the liquid
needed to form a slug and provides more space for slugs
to coalesce. In annular flow, the experimental work of
Schubring and Shedd [44], revealed a profound and non-
uniform impact. Their study across 8.8 mm to 26.3 mm
pipes showed wave frequency is so critically dependent on
diameter that it required two distinct empirical correla-
tions, indicating a fundamental shift in the underlying wave
initiation mechanisms with scale. This evidence is comple-
mented by Bae et al. [45], while studying a rectangular
channel, benchmarked their observed wave-type progres-
sion against the classic work of Ottens et al. [46] in a
51 mm circular pipe, finding consistent fundamental
phenomena. Collectively, these studies reveal a fundamen-
tal scaling challenge: while flow physics is consistent, predic-
tive models for key parameters are highly diameter-specific.
Consequently, laboratory-derived correlations cannot be
directly applied to industrial-scale pipelines.

Lam et al. [37] and Akhlaghi et al. [38] well explained
how gas–liquid density differences and velocity gradients
trigger Kelvin–Helmholtz instability, forming waves that
grow into slugs when critical film thickness and gas velocity
are reached as illustrated in Figure 6. This sequential pro-
cess of wave growth, amplification, pipe blockage, and slug
propagation vary with pipe diameters, as larger diameters
favor roll waves due to reduced surface tension and stronger
gravity effects. Deendarlianto et al. [5] examined air–water
flow in 16 mm to 50 mm diameters, observing stratified
smooth flow at low superficial liquid velocity (jf) of 0.05
m/s, and superficial gas velocity (jg) of 0.7 m/s, evolving
into viscous long wavelength waves, as noted by Lin and
Hanratty et al. [6] and Soleimani and Hanratty [47]. Higher
superficial liquid velocity raised liquid height until touching
the upper wall, while higher superficial gas velocity
increased turbulence, producing tiny bubbles behind wave
tails forming roll waves, Ruder et al. [39]. Larger pipes
require higher superficial velocities for transitions. Wave
coalescence occurred via amplified superficial gas velocity,
creating rough roll waves. At constant superficial gas veloc-
ity, increasing superficial liquid velocity forms pseudo slugs
reaching the upper wall, though high superficial gas velocity
disrupts them. They also observed that plug flow appeared
only in 50 mm pipes, with larger diameters needing higher
superficial liquid velocity for stratified to slug transitions
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but lower superficial liquid velocity for pseudo slug to slug
shifts. The wave growth mechanism aligns with Kadri
et al. [48] Kelvin–Helmholtz instability analysis, though it
omits roll wave coalescence. Increased gas velocity near
wave crests generates suction, counteracting gravity and
lifting the interface. The model incorporates vertical wave
growth and axial wave growth timescales Hanratty and
Hershman [49]. Slug flow occurs when vertical wave growth
is less than axial wave growth, while roll waves emerge if
axial wave growth is less than vertical wave growth, as
crests overtake downstream waves. The suppression of slugs
in larger diameters is attributed to enhanced axial and ver-
tical wave growth, a phenomenon that also delays the tran-
sition to roll waves by requiring higher gas velocities. As
validated by the Maritime Simulation Tool (MAST) for
pipe diameters from 25 mm to 95 mm, this diameter-depen-
dent behavior is clearly depicted in Figure 7.

Furthermore, the transitions between stratified, slug,
and roll wave flow regimes across various pipe diameters
and flow conditions were accurately predicted. Higher
superficial liquid velocities accelerate the shift from strati-
fied wavy to slug flow, while increased gas velocities pro-
mote roll wave formation through inertial forces rather
than gravity dominated waves. A critical Froude number
(Frcrit) of approximately 0.15 marks the boundary between
gravity waves and roll wave flow regimes. Notably, larger
pipe diameters demand greater gas velocities for the slug
to roll wave transition, highlighting diameter-dependent
hydrodynamic scaling.

In another study, Mandal et al. [50] studied oil-water
flow in poly methyl methacrylate horizontal pipes of 12
mm and 25 mm diameters, the results reveal significant
effect of pipe diameter. The narrower pipe shows greater
interfacial waviness and transitioned to slug flow at higher
velocities due to surface tension dominance, while the wider
pipe maintains stratified or three-layer flows. Increasing oil

flow in the small pipe produces elongated kerosene drops
(resembling Taylor bubbles), eventually forming rivulet
flows. In contrast, the larger pipe shows higher interfacial
shear, increasing droplet dispersion and central layer thick-
ness. This contradicts the work of Coleman and Garimella
[51] who studied characterization of two-phase flow
patterns in small diameter round and rectangular tubes
and found that diameters greater than 10 mm had negligi-
ble effect. Unique flow regimes (rivulet, churn flows)
emerged only in the 0.012 m pipe, attributed this to stron-
ger surface tension and contact angle effects in confined
spaces especially that kerosine was used in the experiment
and shows that it wets the pipe wall more than water. How-
ever, broader validation across more diameters is needed for
generalization. Sun et al. [52] experimentally quantified
interfacial wave dynamics in horizontal air–water flow
under heaving motion of amplitude between 2 mm and
12 mm, and frequency of 2–16 Hz, identifying six distinct
flow regimes using differential pressure signals sampled at
500 Hz. Multi-scale entropy analysis revealed bubbly flow
exhibited the highest entropy indicating maximal complex-
ity, while annular flow shows the lowest Vibration parame-
ters amplified interface fluctuations but did not alter
flow regime transition boundaries, notably, frequency
increased entropy values 15–20% more significantly than
amplitude at small scales. For transitional flow regimes
slug-wave, a two-dimensional multi-scale marginal spec-
trum entropy approach achieved 94.56% recognition
accuracy across 100 flow conditions, resolving limitations
of single-feature analysis. The study confirmed nonlinear
oscillations enhance interfacial instability without changing
fundamental transitions. Hudaya et al. [53] experimentally
investigated interfacial wave characteristics in stratified
air–water flow within a 26 mm inner diameter horizontal
pipe. Superficial gas velocities ranges from 1.02 m/s to
3.77 m/s, and superficial liquid velocities ranged from

Fig. 6. Experimental and simulation results of slug formation over time [38].
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0.016 m/s to 0.092 m/s. Using flush-mounted constant elec-
tric current method (CECM) sensors and image processing,
they identified distinct wave patterns: stratified smooth
(flat interface), two-dimensional waves (periodic, small
amplitude), roll waves (sudden liquid surges), and atomiza-
tion (wavelet removal). Quantitative analysis revealed that
the mean liquid hold-up decreased as superficial gas velocity
increased, with an approximate reduction of 5–15% per
1 m/s increase in superficial gas velocity across tested super-
ficial liquid velocity values. Wave velocity, determined via
cross correlation of CECM signals, increased with rising
superficial gas velocity. Conversely, in the two-dimensional
wave region, the dominant wave frequency decreased with
increasing superficial liquid velocity, as identified through
power spectral density analysis.

The critical role of pipe diameter as a first-order param-
eter governing interfacial structures is consistently demon-
strated across studies, though its specific effects manifest
differently depending on the system and flow regime.
Recent research by Cao et al. [13] has systematically inves-
tigated the impact of pipeline diameter on slug frequency in
horizontal pipelines. Their comprehensive study utilized
experimental data from two flow loops with diameters of
45 mm and 65 mm and incorporated data from other stud-
ies with pipe diameters ranging from 26 mm to 300 mm.
The analysis robustly confirmed that slug frequency is
inversely proportional to pipe diameter. This effect is attrib-
uted to the larger cross-sectional area, which reduces the
liquid holdup required to form a bridging slug and provides

a greater axial distance for slugs to coalesce and decay. The
lower slug frequency in larger diameters results in longer,
more developed slugs and larger gas pockets. This leads
to a significantly different temporal and spatial void frac-
tion profile compared to smaller pipes, characterized by
longer periods of low void fraction (within the slug body)
punctuated by longer periods of high void fraction (in the
gas pocket). Consequently, the time-averaged void fraction
is often higher in larger diameter pipes for the same flow
conditions due to the increased volume occupied by the
elongated gas pockets. The experimental work of Schubring
and Shedd, [44] provides a definitive quantification of this
influence in horizontal annular flow, revealing a profound
and non-uniform impact. Their study across 8.8 mm, 15.1
mm, and 26.3 mm pipes showed that wave frequency is so
critically dependent on diameter that it necessitated two
distinct empirical correlations, indicating a fundamental
shift in the underlying wave initiation mechanisms with
scale. This body of evidence is complemented by research
that contextualizes findings within a broader diameter spec-
trum. For instance, Bae et al. [45], while primarily studying
a rectangular channel, systematically benchmarked their
observed wave-type progression against the classic work
of Ottens et al. [46] in a 51 mm circular pipe, finding consis-
tent phenomena. This chain of validation is extended by the
fact that Ottens et al.’s flow regime data was itself used by
Schubring and Shedd to help benchmark their own wave
behavior models. Together, these studies create a coherent
picture: while fundamental flow phenomena may be

Fig. 7. Visualization of wave evolution (top), from growth (top) to roll waves (medium) or slug (bottom) [48].
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consistent across geometries and a range of diameters, as
seen in the agreement between Bae et al., Ottens et al.,
and others, the specific, quantitative predictive correlations
for key parameters like wave frequency are highly diameter-
sensitive. This underscores a critical limitation: models
developed for a specific pipe diameter cannot be universally
extrapolated, highlighting an essential scaling challenge in
applying laboratory-scale data to industrial-sized systems.

The dynamics of interfacial waves in gas–liquid two-
phase flow are significantly impacted by pipe diameter, par-
ticularly in nuclear reactor coolant systems. In larger pipes,
high-amplitude waves can lead to slug formation and cause
time-varying thermal loads and flow-induced vibrations,
contributing to thermal fatigue in critical piping compo-
nents [54–56]. The lack of experimental data on wave
behavior in pipes larger than 100 mm creates uncertainty
in reactor safety analyses. Accurate predictions of wave coa-
lescence and amplitude are essential for modeling interfacial
heat and mass transfer during loss-of-coolant accidents,
where cooling performance is closely tied to interfacial
structure [57]. Advances in modeling, integrating viscous
and inertial wave theories into computational fluid dynam-
ics, are crucial for improving the predictive accuracy of
reactor cooling systems [58].

In horizontal gas–liquid two-phase flows, pipe diameter
(D) profoundly affects interfacial structures, such as the
evolution of waves, liquid holdup, and transitions from
stratified smooth to wavy or intermittent regimes.
Traditional dimensionless groups like the Reynolds number
(Re = q U D / l), capturing inertial vs. viscous forces),
Froude number (Fr=U /

ffiffiffiffiffiffi

gD
p

,) balancing inertial vs. grav-
itational forces), and Eötvös number (Eo = g Dq D2 / r),
comparing buoyancy to surface tension) provide founda-
tional scaling but often underperform for diameter varia-
tions, especially across lab-scale (D approximately 25mm
to 100 mm) to industrial-scale (D greater than 300 mm)
pipes. This is because these groups implicitly embed D,
yet their standard forms assume geometric similarity
without fully resolving diameter-induced changes in interfa-
cial shear, wave coherence, and bubble or slug asymmetry.
Larger D expands the stable stratified region to higher gas
velocities. For small holdups (thin film), criticalUG scales as
ffiffiffiffiffiffi

gD
p

(gas Froude FrG is constant valid for D > 0.1 m). For
small holdups, the scaling of the critical gas velocity by the
gas Froude number is valid for pipe diameters larger than
about 0.1 m [40].

For instance, Taitel and Dukler [2] identified five dimen-
sionless groups, including a modified Froude number and a
stratified equilibrium parameter, to govern flow-pattern
transitions. Their model exhibits low sensitivity to pipe
diameter (D) in small pipes (D < 50 mm), where high
Eötvös number enhances surface tension dominance. How-
ever, as D increases, transition boundaries shift significantly
due to enhanced gravitational stratification and reduced
relative wall effects, expanding the stratified region to
higher gas velocities. This highlights the need for D-explicit
refinements, as unrefined groups fail to capture interfacial
roughness or wave amplitude growth, leading to significant
errors in pressure drop predictions in large-diameter
systems. A key refinement involves hybrid dimensionless

forms that incorporate D-scaling through additional terms
like the pipe-to-wavelength ratio (k/D) or confinement
number (Co = 1/

ffiffiffiffiffiffi

Eo
p

), which quantifies surface tension
confinement relative to buoyancy. Andritsos and Hanratty
[35], used linear stability theory to predict stratified-wavy
transitions in horizontal pipes (D equal to 25mm to
95 mm), defining WeG = qG (USG)

2 D/r for capillary-
gravity waves via KH instability. Larger D shifts to
irregular large-amplitude waves at moderate UG (0.5 m/s
to 2 m/s) due to amplified inertial forces and coalescence.

Similarly, Hart et al. [59] developed empirical correla-
tions for liquid holdup and frictional pressure drop in
horizontal gas–liquid stratified flows with low liquid holdup
(eL < 0.2), based on 1,500 air–water and air–oil data points
in pipes of diameter range 26 mm to 154 mm. The correla-
tions use (Eo= (gDqD2/r), ReL and ReG with phase-specific
hydraulic diameters (Dh, L= 4AL/PL, Dh, L =4AG/PG), and
FrL to capture viscous and geometric effects on interfacial
shear. These D-dependent terms refine the momentum
balance, reducing average prediction errors in holdup and
pressure drop to less than 10 % across the dataset. These
refinements reveal that while core groups like Re, Fr, and
Eo provide universality, explicit D-terms are essential for
interfacial fidelity, preventing scale-up errors in regime
maps and holdup predictions.

In summary, pipe diameter critically governs interfacial
wave dynamics, flow regime transitions, and stability in
multiphase flows. A focused analysis of diameter-dependent
phenomena reveals distinct behavioral flow regimes, in
small diameter pipes diameter less than 25 mm, and Eo less
than one, surface tension dominates, promoting finite wave-
length disturbances and requiring higher transition veloci-
ties for slug formation. Conversely, in large diameter
pipes greater than 50 mm, with Eo much greater than
one, the interfacial waves are governed by inertial forces,
favoring roll wave development and exhibiting delayed slug
formation at elevated gas velocities. Key findings demon-
strate that the liquid layer thickness ratio (H/D) serves as
an important transition criterion, while wave coalescence
and interfacial curvature exhibit diametric trends between
small and large pipe configurations. Notably, several critical
knowledge gaps persist, particularly regarding intermediate
pipe diameters. Table 2. Summarizes the literature on effect
of pipe diameter on interfacial wave behavior in horizontal
two-phase flow. The observations from Table 2. Indicates
that most interfacial wave dynamics studies have focused
on pipe diameters ranging from 10 mm to 100 mm.
However, research on diameter exceeding 100 mm remains
limited, particularly in the area of Computational Fluid
Dynamics (CFD) simulations. Future research directions
should prioritize experimental investigations of these under-
explored configurations, coupled with advanced modeling
approaches that integrate viscous Kelvin–Helmholtz theory
for small diameters with inertial scaling methods for large
pipes. Furthermore, focusing on CFD and extending
existing CFD frameworks to high viscosity fluids would
significantly enhance predictive capabilities for industrial
applications. These insights collectively advance our
fundamental understanding of diameter-dependent multi-
phase flow phenomena while identifying crucial areas for
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continued investigation to bridge existing knowledge gaps
in the field.

4 Effect of pipe diameter on void fraction
distribution and phase distribution

The influence of pipe diameter on void fraction and phase
distribution is crucial for the safety analysis of nuclear reac-
tor cooling systems [62]. Larger pipes tend to promote gas
coalescence and peaking, leading to heterogeneous void dis-
tributions that impact the accuracy of reactor safety codes.
In large-break loss-of-coolant accidents, accurately predict-
ing void fraction in large-diameter cold-legs and downcom-
ers is essential for modeling emergency coolant delivery and
system depressurization. Recent studies highlight the diam-
eter dependence of drift velocity, a key parameter in sys-
tem-level codes, introducing uncertainty in predictions.
Density-wave instabilities, arising from feedback between
wave propagation and pressure drop, further complicate
these predictions [63]. The knowledge gap for intermediate
diameters (25 mm to 50 mm), common in auxiliary and
instrumentation lines, is particularly relevant. The lack of
CFD-based research in this area limits predictive accuracy,
and high-fidelity simulations are needed to complement sys-
tem-level codes, enabling better phase distribution data for
assessing localized cooling and thermal fatigue.in piping
component [64]. The pipe diameter plays a critical role in
governing void fraction and phase distribution characteris-
tics in horizontal two-phase flows by fundamentally altering
the dominant force balances (e.g., surface tension, inertial,
and gravitational forces) and interfacial dynamics. While
numerous studies have explored general void fraction
behavior and phase distribution patterns [60, 65–69] the
specific effects of diameter variation on these parameters
remain relatively understudied, particularly across different

flow regimes. Larger pipe diameters significantly modify
key flow characteristics including flow regime transitions,
bubble coalescence and breakup mechanisms, and overall
system stability factors that have substantial implica-
tions for industrial applications ranging from petroleum
pipelines to nuclear reactor systems. This section reviews
existing literature to analyze the diameter-dependent effects
on three critical parameters: void fraction distribution, drift
velocity characteristics, and, phase distribution patterns,
while identifying future directions in this important
research area.

Gregory et al. [70] studied an in-situ volume fraction
sensor for Two-Phase flows of non-electrolytes and found
that pipe diameter weakly affects gas volume fraction in
slugs though their correlation did not account for it. Subse-
quent studies by Gregory et al. [16] and Andreussi and
Bendiksen [60], provided further insights, especially
Andreussi and Bendiksen conducted experiments in
50 mm and 90 mm pipes using conductance probes. Their
results demonstrate that the void fraction in liquid slugs
depends significantly on pipe diameter, inclination, and
fluid properties. They also introduced a minimum mixture
velocity (UMf) that is required for appreciable void fractions
in slugs, with this threshold varying with pipe diameter as
shown in Figure 8. Furthermore, they found gas volumetric
fraction in the slugs (es) increases faster with mixture veloc-
ity in larger diameters, this observation contradict with
Nydal et al. [21], who described the effect of diameter on
void fraction in slug as very weak in their experiment using
53 mm and 90 mm diameter pipes.

In another study, Kong et al. [71] conducted an experi-
mental study on the transition from plug to slug flow in
horizontal pipes with inner diameters of 38.1 mm and
101.6 mm. Their objective was to quantify how factors such
as superficial gas velocity, superficial liquid velocity, pipe
size, and development length affect the evolution of void
fraction, bubble size, and bubble velocity. The results shows

Table 2. Research overview of effect of pipe diameter on interfacial wave behavior in horizontal two-phase flow.

Author Dpipe (mm) Flow regime Fluid Methodology jf (m/s) jg (m/s) Aim of study

Andreussi and
Bendiksen [60]

50, 90 Intermittent Air–water Experimental
(Conductance
probes)

– – Analysis of
interfacial
structure

Andritsos
et al. [42]

25.4, 95.3 Dispersed,
Separated

Air–water Experimental
(Probes,
transducers)

0.015–0.5 Up to 100 Diameter impact
on air–water flow
transitions

Widyatama
et al. [61]

16, 50 Intermittent Air–water Experimental
(Image
processing)

0.2–0.77 0.7–2.83 Analyse interfacial
behaviour of slug
flow in horizontal
pipes

Mandal
et al. [50]

25, 12 – Kerosene–
water

Experimental
(Optical probes)

0.2–1.1
(water)

0.08–0.2
(kerosene)

Study diameter
effect on oil-water
flow patterns

Kadri
et al. [48]

52, 60 Stratified, SlugAir–water Numerical
(MAST
simulations)

0.17–0.22 0.5–6.0 Investigate
diameter scaling of
flow transitions
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that larger pipes exhibit a more uniform void fraction distri-
bution due to the dominance of larger bubbles. While bub-
ble size increases with pipe diameter, bubble velocity and
variation intensity remain similar. Larger pipe sizes lead
to larger bubble sizes, especially large slug bubbles. This
increase is due to the more substantial space for bubble
expansion in larger pipes. The flow area occupied by the
gas layer was found to be comparable in both pipe sizes
when normalized. However, the contribution from large
bubbles to the total void fraction is significantly higher in
the larger pipe. Larger pipe sizes tend to promote the for-
mation of larger bubbles, especially for slug flow, and signif-
icantly alter the interfacial structure. This aligns with the
findings of Kocamustafaogullari and Huang [72] who exper-
imentally studied local and area-averaged void fractions,
bubble sizes, and interfacial area concentrations in a hori-
zontal air–water bubbly flow. Further examination on lim-
ited data in a 25.4 mm internal diameter pipe using the
same bubble generation mechanism, lead to concluding that
the mean bubble size appears to be significantly dependent
on pipe diameter. Their results indicate that bubbles are
smaller in the 25.4 mm pipe compared to a 50.3 mm pipe,
though this observation could not be definitively confirmed
due to insufficient data.

While interfacial area concentration and void fraction
have been investigated by numerous researchers [3, 73–75]
relatively few studies have systematically examined their
relationship with pipe diameter. Addressing this knowledge
gap, Kong et al. [76] recently conducted comprehensive
experiments to evaluate a steady-state one-dimensional
interfacial area transport equation for horizontal air–water
bubbly flows across 38.1 mm, 50.8 mm, and 101.6 mm pipe
diameters. Their experimental setup employed a four-sensor
conductivity probe for precise measurements of bubble
characteristics. The results demonstrate that bubble diam-
eter differs in different pipe diameters, small pipes have
bubbles with smaller diameter compared to larger pipes
(Fig. 9). Kim et al. [77] demonstrates that pipe diameter
critically influences two-phase flow by controlling flow

regimes and bubble stability. In large pipes exceeding a crit-
ical size (Dc,max), slug flow is suppressed as bubbles break
up due to surface instability. This necessitates diameter-
specific models for bubble interactions in the Interfacial
Area Transport Equation, as data from 9 mm to 304 mm
pipes show that small and large diameters present unique
challenges like intense intergroup transfer and distinct flow
structures, preventing a one-size-fits-all modeling approach.

Abdul-Majeed and Al-Masha [78] studied slug liquid
holdup in viscous two-phase flow, explicitly investigating
the effect of pipe diameter through experiments in large-
diameter (0.08 m and 0.1 m) pipes. Their data revealed that
slug liquid holdup exhibits a slight but consistent increase
with increasing pipe diameter, a trend they attributed to
higher bubble rise velocities in larger pipes, which reduce
gas residence time and thus increase the liquid fraction
within the slug body. This finding directly contradicted
the predictions of existing correlations, such as the model
by Gomez et al. [79], which predicted a decrease in holdup
with diameter. Furthermore Al-Safran et al. [80] correla-
tions were found to predict an unrealistically strong and
dominant effect of diameter.

In a related investigation, Kong et al. [81] experimen-
tally characterized the local interfacial structure evolution
during plug-to-slug transitions in horizontal air–water
flows, comparing 38.1 mm and 101.6 mm pipe diameters.
Their results demonstrate that larger diameters promote
more uniform void fraction distributions, attributed to the
prevalence of larger bubbles. While bubble size scales with
pipe diameter, bubble velocity and fluctuation intensity
exhibit minimal diameter dependence. The study identified
two bubble types (small and large) in plug/slug flows, ear-
lier these bubbles were classified by Ishii and Zuber [82] into
two groups using chord length measurements.

Bubbles are classified as Group 1 (small) when chord
length less than maximum bubble size (Dd,max) and Group

Fig. 8. Effect of pipe diameter on lower limiting velocity [60].

Fig. 9. Bubble size (Db) distribution across various pipe
diameters [76].
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2 (large) when greater than Dd,max. These groups differ in
interfacial area contribution to void fraction (a). While all
pipes contain both types, small bubbles contribute more sig-
nificantly to void fraction a. Kong et al. [81] reported that
Group 2 bubbles constituted 88% of the void fraction (a)
in large-diameter pipes versus 64% in smaller pipes. While
bubble velocities showed no significant variation between
groups, the Sauter mean diameter of Group 2 bubbles
increased with pipe size. Group 1 bubbles were found to
generate turbulence during their growth phase, which con-
tributed to more uniform bubble distributions. Radial pro-
files of time-averaged void fraction revealed position-
dependent bubble size variations. Notably, the transition
from bubbly to plug or slug flow occurred at higher super-
ficial liquid velocities in larger pipes, a phenomenon attrib-
uted to both more concentrated gas-phase distributions and
enhanced bubble coalescence probability. Additionally, the
critical void fraction for initiating transitions decreases with
increasing pipe diameter.

In a similar study, Kong et al. [3] investigated pipe size
effects (38.1 mm vs 101.6 mm) on horizontal two-phase
flow, focusing on void fraction (a) and interfacial area con-
centration (ai) under bubbly flow conditions. The results
show asymmetric gas phase distributions in both pipes,
with higher void fraction and interfacial area concentration
ai values near the top wall due to buoyancy. However, this
peaking effect is more pronounced in the larger pipe, where
a reached 0.132 in larger diameter pipe compared and 0.067
in the smaller diameter pipe under identical flow conditions
(superficial liquid velocity and superficial gas velocity). The
researchers attributed this to bubbles occupying a smaller
portion of the flow area in large pipes, as buoyancy forces
them against the top wall, this is illustrated in Figure 10.
This compression effect leads to significantly greater peak
void fraction values in larger diameter pipes.

Furthermore, Kong et al. [3] examined two key factors
affecting interfacial structure in horizontal two-phase flow:
Reynolds number (ReL) effects and geometric curvature.
They found that decreasing curvature (from larger diame-
ters) reduces circumferential turbulent fluctuations, pro-
moting peaked gas distributions. Conversely, increasing
ReL (which occurs with larger pipes at constant liquid
superficial velocity jf) encourages more uniform gas
distribution. These competing effects create an inverse rela-
tionship, with curvature effects proving dominant. Conse-
quently, larger pipes exhibit more pronounced gas peaking
than smaller pipes under identical conditions, aligning with
findings by other researchers [83]. The results further show
that increasing pipe size causes bubbles to concentrate near
the top wall, reducing the flow area occupied by the bubble
layer. Larger bubbles were observed in larger pipes due to
increased coalescence. Although larger pipes show greater
values bubble velocity fluctuation, fluctuation intensity
remained comparable across pipe sizes. The increased bub-
ble velocity fluctuation in larger pipes stems from higher liq-
uid phase velocity fluctuations, this is similar to what Yang
et al. [84] and Iskandrani and Kojasoy [85] observed. The
near flow transition regions, neighboring bubbles influenced
velocity fluctuations more significantly than liquid phase
effects.

Andreussi et al. [86] investigated dispersed bubble flow
in 18 mm and 50 mm diameter horizontal pipes, finding
that maximum bubble size remains constant approximately
6 mm regardless of conditions or pipe diameter. Their
Weber number (We) analysis shows higher We values in
the 50 mm pipe due to reduced turbulent dissipation, while
the 18 mm pipe’s greater turbulence enhanced bubble
breakup. Buoyancy created a distinct void fraction peak
near the upper wall. Talley et al. [87] expanded on this
research, showing that higher gas flow rates increase the
void fraction’s maximum value, while elevated liquid flow
rates flatten its profile. They linked this observation to
the surface tension forces small bubbles must overcome.
Widyatama et al. [61] studied the interfacial behavior of
air–water slug two-phase flow in horizontal pipes. The
results show comparable trends in 16 mm and 50 mm diam-
eter pipes but found that in narrower pipes, elongated bub-
bles shift toward the center and develop shorter tails.
Bubble velocity rises with increasing gas and liquid superfi-
cial velocities. Notably, under identical flow conditions,
bubbles in the 50 mm pipe travel faster than those in the
16 mm diameter pipe due to lower frictional losses, because
friction is inversely proportional to pipe diameter. Con-
versely, the 16 mm diameter pipe exhibits higher slug fre-
quency, this is attributed to its greater relative wall
friction. These findings highlight how pipe diameter influ-
ences bubble dynamics, affecting void fraction distribution,
velocity, and flow regime transitions.

In another study, Xu et al. [66] conducted an experi-
ment using 25 mm and 50 mm diameter pipes, with the
50 mm pipe serving as the main tube and the 25 mm pipe
as the bypass tube. The aim of the experiment was to inves-
tigate the holdup distribution of oil and water in horizontal
two-phase flow. And utilizing the drift model to calculate
the average oil hold up. The results show not only the influ-
ence of fluid flow rates on flow patterns and hold up but
also the influence of pipe diameter on hold up, it is evident
that at low water flow rates and low input oil fraction the
holdup of main tube deviates from the bypass tube,
although the gap is closed at higher oil fraction and eventu-
ally both pipes have evenly hold up distribution. Numerous
studies have investigated slug front and tail velocities, with
Nicholson et al. [88] developing correlation models. While
earlier studies [24, 89] and recently Kong et al. [3] claimed
pipe diameter negligibly affecting drift velocity, this contra-
dicts the finding of Zukoski et al. [90] and Bendiksen et al.
[25] who reported measurable effects. However Benjamin
et al. [91] identified key parameters affecting drift velocity,
including pipe diameter, gravity current, and phase distri-
bution. Later França and Lahey [92] also find and empha-
sized diameter’s effect on translational velocity. Recently
Bendiksen et al. [93] adopted the similar approach and
investigated the potential effect of pipe diameter on slug
velocity. They suggested that the bubble velocity (Ub)
could be accurately predicted using a modified Nicklin cor-
relation, aligning with the findings of Bendiksen et al. [25],
Nicholson et al. [88]. The results show a sharp decrease in
distribution parameter (Co) occurring at mean Froude
number approximately one, where the value drops from
2.15 to within the range of 1.7–1.9, this was a narrow range
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change in mean Froude number. This transition corre-
sponds to the bubble nose tip shifting upward radially as
change in mean Froude number increases.

Wan et al. [94] studied diameter scaling effects on
air–water slug flow in horizontal pipes from 27.86 mm to
108 mm, validating correlations against experimental data.
Their analysis of the distribution parameter (C₀) and drift
constant (C1) demonstrated that pipe diameter signifi-
cantly influences both parameters, a finding that challenges
earlier model assumptions as shown in Figure 11, with
smaller pipes producing longer slugs. The work highlights
diameter’s crucial role in both flow parameters and slug
length prediction. Smaller pipes produced longer slugs,
confirming diameter’s role in slug dynamics, while the
assumption that mean phase velocity (Vs) equals fluid mix-
ture velocity (Um) held valid for most cases. In a recent
study on gas–liquid two-phase flow in vibrating horizontal
pipes with 15 mm to 25 mm diameter, Zhou et al. [9] found
that void fraction does not change monotonically with pipe
diameter. Their results show an initial increase in void
fraction as diameter rose from 15 mm to 20 mm, followed
by a decrease from 20 mm to 25 mm. They linked this
trend to vibration-induced redistribution of phases and
increased cross-sectional area enhancing buoyancy driven
bubble rise.

Building on earlier studies [95–97], Archibong-Eso et al.
[98] advanced the investigation of slug flows by systemati-
cally evaluating the parameter of pipe diameter. Their
experimental work in 25.4 mm and 76.4 mm pipes yielded
a key finding: slug frequency decreases with larger pipe
diameters due to increased space for slug coalescence and
a lower tendency for the liquid level to block the pipe. Crit-
ically, they demonstrated that diameter is a primary vari-
able controlling slug flow structure. A smaller pipe
diameter increases slug frequency, which in turn leads to
a lower time-averaged void fraction and more rapid fluctu-
ations in its signal. This understanding of the diameter-fre-
quency-void fraction relationship is vital for accurately
predicting pressure gradients and designing pipelines for
multiphase transport. Concurrently, Wijayanta et al. [99]
observed that diameter influences flow regime transitions
by altering the relative influence of gravitational and iner-
tial forces, which can suppress intermittent flows in larger
pipes.

This section demonstrates pipe diameter’s critical effect
on void fraction distribution and phase distribution in hor-
izontal two-phase flows. Larger diameters increase void
fraction growth rates in slugs, some studies contradicts this
for example the study of Nydal et al. [21] while pipes of
diameter less than 25 mm enhance interfacial area

Fig. 10. Comparison of void fraction a and interfacial area concentration ai [1/m] at (jf = 6.00 m/s and USG = 0.15 m/s) in two pipes
of different diameters [3].
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concentration through confined bubble dynamics. Bubble
behavior varies significantly, with large pipes favoring coa-
lescence and gas peaking under identical conditions,
whereas small pipes promote turbulence and uniform distri-
butions. Flow transitions exhibit diameter dependence:
small pipes produce frequent, long slugs, while large pipes
delay slug formation but amplify roll waves. Drift velocity
effects remain contested, with recent work by Wan et al.
[94] challenging historical assumptions of diameter indepen-
dence. Experimental studies are limited for intermediate
diameters range of 25 mm–50 mm. These findings under-
score the necessity of diameter specific models for accurate
flow prediction. Future work should prioritize experimental
validation across unexplored diameter ranges and advanced
CFD development to address current limitations in indus-
trial applications, from pipeline design to chemical process-
ing systems. The collective evidence confirms pipe diameter
as a fundamental parameter governing multiphase flow sta-
bility and flow regime transitions. Additionally, Table 3.
summarizes key studies investigating the effects of pipe
diameter on void fraction and phase distribution in horizon-
tal two-phase flows. Notably, CFD based research remains
underrepresented.

5 Conclusion

This review has systematically examined the critical influ-
ence of pipe diameter on interfacial structures and flow

regime transitions in horizontal gas–liquid two-phase flows.
The synthesis of experimental, theoretical, and computa-
tional studies demonstrates that diameter fundamentally
alters the balance of surface tension, gravitational, and
inertial forces, resulting in scale-dependent behaviors. In
small-diameter pipes typically less than 25 mm and Eötvös
number less than one, surface tension dominates, stabilizing
interfaces and promoting bubbly, slug, or intermittent flows
while requiring higher liquid velocities for stratified-to-slug
transitions. Conversely, in large-diameter pipes (usually
greater than 100 mm) with Eötvös number much greater
than one, gravity and inertia dominate, delaying annular
and intermittent flows while favoring dispersed and strati-
fied flows. Stratified flow persists to significantly higher
gas velocities in larger pipes, and slug frequency decreases
roughly inversely with diameter. Regarding interfacial
structure and wave dynamics, small pipes exhibit finite-
wavelength disturbances and suppressed waves, while large
pipes promote roll wave formation due to diminished
surface tension effects and enhanced inertial/gravitational
forces. The ratio of liquid depth to pipe diameter emerges
as a key criterion for flow transitions. Void fraction distribu-
tions become more asymmetric in larger pipes, with gas
peaking near the top wall due to buoyancy concentrating
bubbles in a smaller relative cross-sectional area. This
effect, coupled with increased bubble coalescence, elevates
the Sauter mean diameter in larger conduits.

However, existing predictive models, including flow
regime transition frameworks (Taitel and Dukler) and void

Fig. 11. Experimental evaluation of drift-flux parameters (C₀, C1) for horizontal slug flow at 1 bar and 20 �C [94].
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fraction correlations, frequently underperform in large-
diameter systems (greater than 100 mm). These models,
often developed for small or moderate diameters, fail to
capture phenomena like blow-through and mischaracterize
holdup profiles, slug stability, and transition boundaries.
Dimensionless groups such as Reynolds, Froude, Eötvös
numbers require refinement to accurately encapsulate diam-
eter scaling effects across the full spectrum of pipe sizes.

Critical knowledge gaps persist, particularly for inter-
mediate diameters from 25 mm to 50 mm, high-viscosity
fluids, transient dynamics. Detailed interfacial wave charac-
teristics and void fraction evolution in pipes exceeding
100 mm remain underexplored, and Computational Fluid
Dynamics (CFD) studies incorporating validated diameter
scaling are notably scarce as depicted in Tables 1–3.
To address these limitations and advance industrial

applications, such as nuclear reactor cooling systems and
petroleum transport, future research must prioritize large-
scale experiments (greater than 100 mm diameter) employ-
ing high-resolution diagnostics, development of advanced
CFD scaling methodologies capable of handling larger and
more complex geometries, with industrial validation, explic-
itly incorporating diameter-dependent force balances.
Refined dimensionless frameworks and targeted studies on
intermediate scales, high-viscosity fluids, and transient
phenomena are equally essential.

This work demonstrates that pipe diameter is not
merely a geometric parameter but a fundamental scaling
variable dictating interfacial stability, phase distribution,
and flow regime transitions. Advancing beyond universal
correlations to develop diameter-adapted predictive models
is essential for optimizing the design, safety, and efficiency

Table 3. Key Studies on effects of pipe diameter on void fraction and phase distribution in horizontal two-phase flow.

Author Dpipe (mm) Flow regime Fluid Methodology jf (m/s) jg (m/s) Aim of study

Xu et al. [66] 25, 50 Stratified,
Slug

Oil-water Experimental
(Drift flux)

0.07–7.07 0.03–0.94
(oil fraction)

Flow rate effect on
phase holdup

Kong
et al. [3]

38.1, 101.6 Stratified,
Wavy

Air–water Experimental
(Sensors,
cameras)

0.02–6.00 0.10–19.60 Pipe size effect on flow
transitions, interfacial
structure

Nydal
et al. [21]

53, 90 Slug Air–water Experimental
(Conductance
probes)

0.6–3.5 0.5–20.0 Identify slug flow
parameters to refine
models

Kong
et al. [76]

38.1, 50.8,
101.6

Dispersed,
Intermittent

Air–water Experimental
(4-sensor
probe)

3.00–6.00 0.08–1.00 Interfacial area
transport equation for
bubbly flows

Kong
et al. [71]

38.1, 106.6 Dispersed,
Intermittent

Air–water Experimental
(Cameras,
probes)

2.5–6.00 0.08–1.00 Study interfacial
structure in large
diameter

Andreussi
et al. [86]

18, 50 Bubbly Slug Air–water Experimental
(Probes)

– – Identify dispersed
bubble to elongated
bubble transition

Wan
et al. [94]

27.86, 54.78,
108

Intermittent Air–water Experimental
(High-speed
camera)

0.2–8.2 – Develop diameter
scaling correlations for
slug velocities

Tarahomi
et al. [29]

9.52,13,5,
38.1, 52

Stratified,
Slug, and
Bubbly

Air–water CFD
Simulations
(ANSYS)

0.0023–6 0.075–15.94 Scaling method for
two-phase flows in
horizontal pipes

Zhou et al. [9] 15, 20, 25 Dispersed,
Intermittent

Air–Water Experimental
(Flow
visualization)

0.1–2.0 0.3–15.0 Investigate fluctuating
vibration effect on void
fraction

Nicholson
et al. [88]

25.8, 51.2 Intermittent Air–Water Experimental 0.03–2.13 0.06–2.29 Modify the Dukler-
Hubbard slug flow
model

Andreussi and
Bendiksen [60]

50, 90 Intermittent Air–water Experimental
(Conductance
probe)

– – Investigating void
fraction in liquid slugs

Kong
et al. [81]

38.1 and
101.6

Intermittent Air–Water Experimental
(sensor probe,
speed,
camera)

2.00–6.00 0.15–3.00 Investigate local
interfacial structure
and pipe size effect

Widyatama
et al. [61]

16, 50 Intermittent Air–Water Experimental
(High-speed
camera)

0.2–0.77 0.7–2.83 Develop an image
processing method for
slug flow analysis
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of industrial two-phase flow systems. By pointing out the
inconsistencies in scaling laws and advocating for diame-
ter-informed design, this review lays a foundation for future
research. It offers both a roadmap for navigating existing
literature and clear guidance for advancing multiphase flow
efficiency through the study of scaling effects. The work
highlights the critical need for collaborative academia
industry partnerships to bolster predictive modeling
capabilities and address emerging challenges in large-scale
two-phase flow systems.
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