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 A B S T R A C T

Gas accumulation in gas–liquid two-phase flows creates major challenges in centrifugal pumps and diverging 
channels, as trapped gas in low-pressure separation zones promotes flow separation, reduces pressure recovery, 
and increases the risk of system failure. To address this, the present study proposes a novel and simple passive 
control strategy using upstream cross-flow solid steps of varying heights (2, 5, and 8 mm) in a horizontal 
diverging channel. Controlled experiments combining Laser Doppler Anemometry (LDA), high-speed imaging, 
and pressure measurements were performed to evaluate the effect of step height on flow separation, bubble 
behavior, and pressure recovery. Results show that steps of 5 mm and 8 mm could successfully eliminate 
gas accumulation and significantly improve pressure recovery compared to the baseline without steps, while 
the 2 mm step had only a marginal effect. These improvements are attributed to enhanced bubble breakup, 
increased vertical dispersion, and elevated turbulence, while reducing flow separation. The findings not only 
provide benchmark data for validating two-phase flow models but also offer practical design guidelines for 
improving gas handling in centrifugal pumps and related industrial systems.
1. Introduction

Gas–liquid two-phase flows play a crucial role in diverse engi-
neering and industrial applications, including nuclear reactor cooling, 
oil–gas transportation, wastewater treatment, solar collectors, chemical 
reactors, oil wells, refrigeration systems, heat exchangers, and energy 
storage technologies (Mansour et al., 2018b; Brennen, 2005; Sharma 
et al., 2009; Chen et al., 2009; Ewing et al., 1999). These flows exhibit 
behavior that differs significantly from single-phase flows, even at 
low gas fractions. The central challenge lies in capturing the complex 
interplay between liquid and gas phases, which often features un-
steady dynamics, rapid flow-pattern transitions, and strong interfacial 
interactions. Additionally, flow separation and recirculation zones can 
induce gas build-up, reducing overall performance, and compromising 
system stability (Mansour and Thévenin, 2023; Ishii and Hibiki, 2010; 
Manzano Ruiz, 1980; Hundshagen and Skoda, 2023; Mansour et al., 
2022, 2018c; Barrios and Prado, 2011; Zhu et al., 2008).

Gas accumulation is a critical concern in two-phase gas–liquid flow 
systems, particularly in diverging flow passages such as diffusers and 
impeller channels of centrifugal pumps. The expanding cross-sectional 
area in these geometries promotes flow separation and recirculation, 
creating favorable conditions for bubble coalescence and localized 
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gas entrapment. In centrifugal pumps, these gas pockets can signifi-
cantly degrade hydraulic performance, causing a sharp drop in head 
and efficiency even at low gas volume fractions (1%). At higher gas 
contents, flow instabilities intensify, and ‘‘gas-locking’’ may occur, 
where trapped gas obstructs impeller passages, potentially leading to 
complete pump failure (Manzano Ruiz, 1980; Poullikkas, 1992, 2003; 
Noghrehkar et al., 1995; Caridad et al., 2008; Campo and Chisely, 
2010). While pumps perform reliably with single-phase liquids, their 
performance deteriorates rapidly under two-phase conditions (Amore-
sano et al., 2014; Zhu et al., 2017; Monte Verde et al., 2017; Mansour 
et al., 2018b,c). Thus, mitigating gas buildup in diverging sections 
remains a central challenge in two-phase flow research, necessitat-
ing robust experimental investigations and innovative passive control 
strategies (Mansour et al., 2023).

The problem appears not only in centrifugal pump impellers, but 
is also encountered in Venturi tubes, pipeline diffusers, and discharge 
passages of pump stations, where gas accumulation alters critical per-
formance metrics such as pressure recovery (Liu et al., 2020; Huang 
et al., 2018; Zhao et al., 2018; Yin et al., 2015). However, most prior 
research on two-phase flows has focused on horizontal rectangular 
channels with either constant cross-sections (Chen et al., 2009; Aziz 
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Nomenclature

Roman symbols
𝐴𝑢 Upstream cross-sectional area [m2]
𝐷32 Sauter mean diameter [mm]
𝐷median Median diameter [mm]
𝑑ℎ𝑑 Downstream hydraulic diameter [m]
𝑑ℎ𝑢 Upstream hydraulic diameter [m]
𝐼 Light intensity [cd]
𝐿1 Upstream straight pipe length [m]
𝐿2 Downstream straight pipe length [m]
𝑃2 Reference pressure (sensor 2) [mbar]
𝑝 Local pressure [mbar]
𝑄𝐺 Gas volume flow rate [L/h]
𝑄𝐿 Liquid volume flow rate [m3∕s]
𝑄𝑇 Total volume flow rate (𝑄𝐿 +𝑄𝐺) [m3∕s]
Re𝐺 Superficial gas Reynolds number [–]
Re𝐿 Superficial liquid Reynolds number [–]
𝑢𝐺 Superficial gas velocity [m∕s]
𝑢𝐿 Superficial liquid velocity [m∕s]
𝑥 Axial distance [m]
𝑦 Vertical distance [m]
Greek symbols
𝜀̇ Gas volume fraction [%]
𝜌𝐺 Density of gas [kg∕m3]
𝜌𝐿 Density of liquid [kg∕m3]
𝜎 Standard deviation of BSD [mm]
𝜇𝐺 Viscosity of gas [Pa s]
𝜇𝐿 Viscosity of liquid [Pa s]
Subscripts

𝐺 Gas
ℎ𝑑 Downstream hydraulic diameter
ℎ𝑢 Upstream hydraulic diameter
𝐿 Liquid
𝑢 Upstream

Acronyms

BSD Bubble size distribution
LDA Laser Doppler Anemometry
VOF Volume of Fluid model
LED Light-emitting diodes
LES Large Eddy Simulations

et al., 1999; Vallée et al., 2008; Wambsganss et al., 1992) or abrupt 
geometric transitions such as sudden expansion or contraction (Chen 
et al., 2009, 2007; Pakhomov and Terekhov, 2022; Abdelall et al., 2005; 
Ahmed et al., 2008). For example, in previous research (Aloui and 
Souhar, 1996), two-phase bubbly flow was studied through a sudden 
expansion, revealing that bubbles are trapped in the large vortex region 
downstream of the expansion, leading to a maximum local void fraction 
there. Bubbles follow closed trajectories in this zone, with velocities 
approaching zero at the vortex center, causing them to accumulate and 
remain nearly stationary. This accumulation affected pressure recovery 
significantly. In another recent study (Arabi et al., 2024), it was demon-
strated further that larger expansion angles degrade pressure recovery 
due to increased recirculation and gas accumulation. This confirms the 
need for passive control strategies to eliminate gas accumulations.
2 
In contrast, gradually diverging channels, especially under two-
phase flow conditions, have received comparatively limited attention. 
Some notable exceptions include investigations into pressure recov-
ery in vertical circular diffusers (Anupriya and Jayanti, 2014) and 
micro-scale rectangular channels with converging/diverging geome-
tries (Hwang et al., 2005), where the deceleration of gas in the di-
verging region promoted bubble coalescence and markedly altered flow 
structures. However, the bulk of existing studies have been restricted 
to diffusers with constant opening angles, i.e., flat or non-curved test 
sections (Chen et al., 2009; Pakhomov and Terekhov, 2022; Abdelall 
et al., 2005; Ahmed et al., 2008; Anupriya and Jayanti, 2014; Hwang 
et al., 2005; Ding et al., 2021; Eskin and Deniz, 2012; Kourakos 
et al., 2009; Deniz and Eskin, 2015, 2012), where flow separation is 
generally limited and substantial gas accumulation is rarely observed. 
This reveals a clear gap in the literature, since little is known about 
how gradually diverging channels with continuously increasing open-
ing angles influence flow separation, gas accumulation, and pressure 
recovery under two-phase flow conditions.

In earlier work (Mansour et al., 2018a), we examined gas–liquid 
two-phase flow within a horizontal diverging channel featuring a grad-
ually increasing opening angle. The study revealed several mechanisms 
responsible for gas accumulation and phase segregation. Specifically, 
large recirculation zones induced by flow separation were found to trap 
gas bubbles, leading to significant accumulation. As the air flow rate 
increased, the size of these gas pockets grew steadily. Interestingly, 
increasing the water flow rate had a non-monotonic effect, where 
it initially enlarged the gas accumulation due to the expansion of 
recirculation zones, but further increases in liquid flow reduced accu-
mulation as turbulence intensity rose, which disturbs the accumulated 
gas. Notably, even at very low gas volume fractions (as little as 0.05%), 
a substantial air pocket developed near the diffuser outlet, disrupting 
the velocity field and reducing pressure recovery. The study highlighted 
key strategies for reducing gas buildup, i.e., primarily by reducing 
flow separation or enhancing turbulence levels (Mansour et al., 2018a). 
Nevertheless, this earlier investigation did not attempt to control gas 
accumulation, leaving open the question of how passive modifications 
could be used to mitigate such effects.

While numerical simulations have substantially advanced the un-
derstanding of two-phase flow behavior, they continue to face notable 
numerical limitations (Hundshagen et al., 2019; Mansour et al., 2018a; 
Müller et al., 2015; Kopparthy et al., 2020). The combination of the 
Reynolds Stress Model (RSM) and the Volume of Fluid (VOF) method 
demonstrated strong potential in accurately predicting the behavior 
of gas accumulations (Kopparthy et al., 2020). However, its accu-
racy diminishes at higher Reynolds numbers, where numerical errors 
become more pronounced. In contrast, the disperse two-fluid model 
and associated turbulence closures have, in some cases, failed to cap-
ture gas accumulation altogether (Hundshagen et al., 2021). The most 
reliable predictions have been achieved using a hybrid multiphase 
framework that integrates Eulerian–Eulerian solvers with enhanced 
VOF schemes and Large Eddy Simulation (LES) models (Nguyen et al., 
2022). This advanced method successfully reproduced key flow features 
and accurately predicted the location and extent of gas accumula-
tions. Nonetheless, its predictive performance remains highly sensitive 
to the initial prescribed bubble size, underscoring the necessity for 
further refinement in two-phase modeling and interfacial dynamics. 
These modeling shortcomings further highlight the importance of new 
experimental benchmarks in diverging channels to validate and guide 
the development of reliable computational approaches.

Our recent investigations introduced thin metal toothed steps with 
vertical heights of 2, 5, and 8 mm as cross-flow obstacles within 
a horizontal diverging channel, resulting in moderate reductions of 
gas accumulation under specific conditions (Mansour et al., 2025a,b). 
These steps enhanced turbulence intensity, promoting the breakup 
of larger bubbles into smaller ones and redirecting them toward the 
channel center, away from gas accumulation zones. While the 2 mm 
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Fig. 1. Schematic diagram showing the details of the experimental setup.
step showed minimal effectiveness, the 5 mm and 8 mm toothed 
configurations significantly improved bubble dispersion and moder-
ately enhanced pressure recovery. However, a key shortcoming of this 
approach was its limited performance at low water flow rates, where 
the toothed steps failed to suppress gas accumulation or improve pres-
sure recovery. This limitation motivates the exploration of alternative 
passive control designs that remain effective across a broader operating 
range.

Accordingly, the present study proposes a novel passive control 
strategy employing upstream solid cross-flow steps. The main objectives 
are to mitigate gas accumulation and achieve high pressure recovery in 
the diffuser under various two-phase flow conditions, which was not 
possible by the strategies and modifications employed before. Three 
solid metal plates with heights of 2 mm, 5 mm, and 8 mm were installed 
along the upper wall of the inlet channel and thoroughly investi-
gated. These solid cross-flow steps are designed to enhance turbulence, 
promote bubble breakup, improve vertical redistribution of bubbles, 
and reduce flow separation. As a result, they aim to suppress gas 
accumulation and ensure robust pressure recovery under a wide range 
of two-phase flow conditions. Building on previous studies (Mansour 
et al., 2018a; Kopparthy et al., 2020; Nguyen et al., 2022; Hundshagen 
et al., 2021; Mansour et al., 2025a), the experiments utilized the same 
diffuser geometry, characterized by a gradually increasing opening 
angle to induce flow separation and gas accumulation. This simplified 
diffuser geometry, instead of a full pump system with rotating parts, 
enables more precise and detailed characterization of the flow. A broad 
range of liquid and gas flow rates was tested (Re𝐿 = 59530–78330; 
Re𝐺 = 3–9.25). High-speed imaging was used to capture two-phase 
flow interactions, including inlet bubble sizes and the formation of 
accumulated gas pockets.

By employing a novel passive control strategy, this study addresses 
directly the gaps in the literature, namely the lack of experimental 
data in gradually diverging geometries, and the limited effectiveness of 
previous geometry and flow modifications in mitigating gas accumula-
tions. Unlike earlier approaches, which could not eliminate gas accu-
mulation, the innovative strategy proposed here successfully achieves 
this goal, enabling also the diffuser to deliver excellent two-phase pres-
sure recovery. Furthermore, the results provide a comprehensive vali-
dation database for numerical models, thereby improving the predictive 
3 
accuracy of simulations involving two-phase flows. These findings also 
inform practical design guidelines aimed at reducing gas accumulation 
in centrifugal pump impellers, ultimately enhancing pump reliabil-
ity and performance. The following sections present the experimental 
setup and measurement techniques, followed by a detailed analysis of 
velocity fields, bubble size distributions, gas accumulation volumes, 
and pressure recovery under different step configurations and flow 
conditions. The paper concludes with a summary of the key findings 
from this investigation.

2. Details of the experimental methodology

Fig.  1 shows a schematic of the experimental setup, which consists 
of a diverging flow channel, a fluid circulation loop, and flow control 
instrumentation. The experiment was conducted in a horizontal diffuser 
channel specifically designed to investigate gas accumulation under 
controlled two-phase flow conditions. The channel was positioned hori-
zontally so that gravity acted perpendicular to the main flow direction. 
This orientation, although not reproducing the Coriolis forces present 
in impellers, induces lateral buoyancy forces that drive gas migration 
across the passage. Such cross-passage segregation is also observed in 
centrifugal pump impellers. By contrast, in vertical channels where 
gravity acts parallel to the flow, gas primarily rises axially and does not 
reproduce the lateral accumulation mechanisms of interest. Therefore, 
the horizontal configuration provides a representative environment 
for studying gas accumulation mechanisms under conditions that are 
comparable to those in actual rotating impeller passages (Mansour 
et al., 2018a; Mansour, 2020; Kopparthy et al., 2020; Nguyen et al., 
2022; Hundshagen et al., 2021; Mansour et al., 2025a).

The channel was made of transparent acrylic to allow for clear flow 
visualization and optical measurements. The channel had a rectangular 
cross-section that widened from 40 × 44mm at the inlet to 100 × 44mm
at the outlet. These dimensions correspond to hydraulic diameters of 
𝑑ℎ𝑢 = 42 mm upstream and 𝑑ℎ𝑑 = 61 mm downstream, giving a 
hydraulic diameter ratio of 1.45. To ensure fully developed flow before 
the diffuser, the inlet channel length was set to 𝐿1 = 34𝑑ℎ𝑢, while 
the outlet channel length was set to 𝐿2 = 15.5𝑑ℎ𝑢. The diffuser walls 
were shaped to create a gradually widening angle, from 6◦ up to 
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16◦, to intentionally promote flow separation and gas accumulation 
since earlier investigations showed that separation is likely to occur 
when the opening angle exceeds approximately 8◦ to 10◦ for a wide 
range of two-phase flow conditions (Mansour et al., 2018a; Mansour, 
2020). Therefore, the considered diffuser ensures the occurrence of 
flow separation, providing a meaningful window for systematically 
investigating flow separation and gas accumulation under different 
two-phase flow conditions. The contour of the upper curve follows the 
equation 𝑥 = 13.5𝑦−𝑦2∕10−230, where 𝑥 and 𝑦 are the axial and vertical 
coordinates.

Water is circulated from a 6.0 m3 tank using a submersible pump, 
with air introduced via 21 uniformly spaced 1.0 mm holes around the 
circumference of the mixing joint. The water flow rate is measured 
using an electromagnetic flow meter (Endress+Hauser Promag 30F), 
with an accuracy of ±0.5% of the reading (RD). Air was injected 
into the mixing joint of the two phases through 21 equally spaced 
peripheral holes (each 1.0 mm in diameter) located at the beginning 
of the upstream pipe. The air flow rate is measured by a rotameter 
(Yokogawa RGC1263) with an accuracy of ±2.5% RD. Separate Pt100 
RTD sensors (Class B) are used to measure the temperatures of water 
and air before the mixing joint, with a maximum absolute error of 
±0.3 K. The air supply line is equipped with a service unit, pressure 
regulator (maintaining constant supply pressure), control valve, and 
restriction valve, ensuring stable and accurate air flow. This config-
uration also ensured a consistent and reproducible air introduction 
among all tested cases. Due to buoyancy, the air phase rapidly migrates 
toward the top part of the pipe, as it would do in any pipe found 
in a corresponding industrial installation. As shown in Fig.  1, eight 
pressure sensors (Cerabar 𝑇  PMC131, range: −1 to +1 bar, accuracy: 
±0.5% RD) were installed along the test section to capture pressure 
variations. The overall uncertainty in the pressure measurements was 
estimated at approximately 2.9% of the reading. The experiments were 
repeated several times at the initial stage of the measurements to ensure 
the reliability of all the considered parameters. Additional information 
concerning the measurement instruments can be found in Mansour 
et al. (2018a), Mansour (2020), Mansour et al. (2025a).

Single-phase velocity measurements in the upper region of the 
diffuser were obtained for pure water flow using a two-component 
Laser Doppler Anemometry (LDA) system (Dantec Dynamics 2D, see 
Fig.  2(a)). To enable flow tracking, 10 μm hollow glass-sphere particles 
were added at a concentration of approximately 0.6 L (with a density 
of 1.0 g∕cm3) to the 6 m3 water reservoir, corresponding to a mass 
concentration of 0.1 g∕L and a volume fraction of 0.01%. This low con-
centration provides sufficient scattering for strong LDA signals while 
having a negligible effect on the flow. An automated traversing mech-
anism was employed to collect velocity data at 325 grid points, with a 
horizontal spacing of 10 mm and a vertical spacing of 7.5 mm, along the 
midplane of the diffuser (see Fig.  2(b)). At each point, 25,000 velocity 
samples were recorded at an average sampling frequency of 1.5 kHz to 
ensure statistical convergence in the turbulent flow regime. The LDA 
system measures the frequency shift of scattered laser light from the 
seeding particles. The system emits four intersecting laser beams (two 
for each velocity component), creating an interference pattern of bright 
and dark fringes in the measurement volume. When a seeding particle 
passes through this volume, it scatters light, and the detector measures 
the Doppler frequency shift of the scattered light. This frequency shift is 
directly proportional to the velocity of the particle as it passes through 
the fringes. The software of Dantec Dynamics 2D system automatically 
processes this frequency shift to calculate the local velocity compo-
nents from the ensemble-average of the 25,000 velocity samples. The 
actual location of each measurement point was carefully calibrated to 
correct for laser beam refraction through the acrylic walls and water 
interface, as detailed in Mansour (2020). The combined uncertainty in 
velocity measurements, accounting for sampling, grid resolution, and 
calibration, was less than 0.5%. The velocity fields were subsequently 
analyzed using a visualization software (ParaView).
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Gas accumulation sizes were determined using shadowgraphy imag-
ing captured by a high-speed camera, with the test section illuminated 
from behind by two LED panels (see Fig.  2(c)). This arrangement 
provided clear visualization of the air–water interfaces. Additionally, 
bubble size distributions (BSDs) were measured within a defined region 
(25 mm length × 40 mm height) upstream of the diffuser using a second 
high-speed camera as presented in Fig.  2(d). The uncertainty in bubble 
diameter measurements was below 4.9%. Accurate BSD measurements 
are critical for validating numerical models, significantly influencing 
their prediction accuracy (Nguyen et al., 2022). MATLAB-based post-
processing of the recorded videos quantified gas accumulation and 
bubble dispersion patterns across all tested cases.

Three solid step configurations, with heights of 2 mm, 5 mm, and 
8 mm, were considered as shown in Fig.  3. These step sizes were 
selected to represent a progressively increasing blockage ratio relative 
to the hydraulic diameter, in order to identify the threshold at which 
step height begins to exert a significant effect on gas accumulation. The 
dimensions of the cross-flow steps relative to the upstream hydraulic 
diameter (𝑑ℎ𝑢) are approximately  0.048,  0.12, and  0.2. The flow in the 
channel without any steps was used as a reference for comparison (see 
Fig.  3(b)). The steps were fabricated from stainless steel sheets, each 
with a uniform thickness of 0.5 mm, positioned 1.8  𝑑ℎ𝑢 upstream of 
the diffuser section, with the steps facing upward, as shown in Fig.  3(a). 
These cross-flow steps provide practical advantages due to their simple 
geometry, ease of installation, and cost-effectiveness. The experiments 
systematically varied gas and liquid flow rates to capture the resulting 
flow behavior. Data collection focused on single-phase velocity fields, 
gas accumulation zones, and bubble dispersion patterns, with particular 
emphasis on how each step configuration influenced the overall flow 
dynamics and pressure recovery within the diffuser.

3. Results and discussion

3.1. Selected flow conditions

Building upon prior investigations (Mansour et al., 2018a; Mansour, 
2020; Kopparthy et al., 2020; Hundshagen et al., 2021; Nguyen et al., 
2022), this study selected specific flow conditions to systematically 
examine gas accumulation, covering different sizes and shapes across 
different flow regimes. Two liquid flow rates (𝑄𝐿) and two gas flow 
rates (𝑄𝐺) were varied, leading to two distinct single-phase and four 
two-phase flow cases as detailed in Table  1. These cases facilitated a 
comprehensive evaluation of the effects of the inserted solid cross-flow 
steps.

The superficial Reynolds numbers (Re) for each phase were com-
puted according to Eqs. (1) and (2), where 𝜌 denotes fluid density, 𝜇 is 
the dynamic viscosity, and 𝑢 represents the superficial inlet velocity cal-
culated via Eqs.  (3) and (4), for liquid and gas, respectively. Subscripts 
𝐿 and 𝐺 refer to the liquid (water) and gas (air) phases, respectively, 
while 𝐴𝑢 corresponds to the upstream channel cross-sectional area. 
These (superficial) Reynolds numbers characterize the flow regimes 
by assuming each phase uniformly occupies the channel cross-section. 
Furthermore, the inlet gas volume fraction (𝜀̇) given in Table  1 for each 
case was determined based on Eq.  (5). 

Re𝐿 =
𝜌𝐿𝑢𝐿𝑑ℎ𝑢

𝜇𝐿
(1)

Re𝐺 =
𝜌𝐺𝑢𝐺𝑑ℎ𝑢

𝜇𝐺
(2)

𝑢𝐿 =
𝑄𝐿
𝐴𝑢

(3)

𝑢𝐺 =
𝑄𝐺
𝐴𝑢

(4)

𝜀̇ =
𝑄𝐺

𝑄 + 𝑄
(5)
𝐺 𝐿
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Fig. 2. Details of the measurements, (a) Sample image of LDA measurements, (b) LDA grid points distribution, (c) Shadowgraphy setup, and (d) BSD window 
placement with pressure measurement locations.
Fig. 3. Installation and dimensions of the considered solid cross-flow steps.
Table 1
Flow conditions examined in this study.
 Case# Flow type 𝑄𝐿 (m3∕h) 𝑄𝐺 (L∕h) Re𝐿 Re𝐺 𝜀̇ (%) 
 1 Single-phase (water) 9.5 0 59530 0 0  
 2 Single-phase (water) 12.5 0 78330 0 0  
 3 Two-phase (water–air) 9.5 7.07 59530 3.10 0.074 
 4 Two-phase (water–air) 9.5 21.21 59530 9.25 0.223 
 5 Two-phase (water–air) 12.5 7.07 78330 3.10 0.056 
 6 Two-phase (water–air) 12.5 21.21 78330 9.25 0.169 
To avoid any confusion between air bubbles and vapor cavities, 
all experiments were conducted under non-cavitating conditions. The 
minimum cavitation number was evaluated as 𝐶𝑎 ≈ 18.5, substantially 
exceeding the critical cavitation threshold of 𝐶𝑎,𝑐𝑟𝑖𝑡 = 0.3, even at 
peak velocities considering flow fluctuations. Therefore, cavitation was 
conclusively avoided during all tests.

3.2. Single-phase flow characteristics (flow separation control and turbu-
lence enhancement)

The single-phase flow characteristics play a decisive role in the 
gas accumulation under two-phase flow conditions. In particular, flow 
separation in the liquid phase supports gas accumulation, while in-
creased turbulence intensities can reduce the size of gas pockets. The 
measured velocity magnitude and corresponding velocity fluctuations 
5 
for all considered configurations are presented in Fig.  4. As shown, 
flow separation occurs along the upper wall of the diffuser at both 
flow rates (Re𝐿 = 59530 and Re𝐿 = 78330) in the reference case 
(without cross-flow steps). The presence of solid steps introduced dis-
tinct modifications to the flow structure. The 2 mm step exhibited 
minimal influence on the flow field compared to the reference, with 
only slight changes in separation behavior. In contrast, the 5 mm step 
induced a noticeable upward deflection of the central jet, effectively 
reducing flow separation along the upper diffuser wall—an area prone 
to gas accumulation in two-phase flows. The 8 mm step exhibited 
a similar trend, although it was accompanied by slower velocities 
near the upper wall. The reduction in flow separation and upward 
jet deflection observed in the 5 mm and 8 mm cases represent favor-
able conditions for mitigating gas accumulation under two-phase flow 
conditions. While the 2 mm step resulted in slightly lower maximum 
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Fig. 4. Single-phase (water) velocity measurements for all configurations at two different water flow rates (Cases 1 and 2).
velocity fluctuations compared to the reference case, the 5 mm and 
8 mm steps significantly increased turbulence intensity, as evidenced by 
higher peak fluctuation values and wider regions of high fluctuations. 
Notably, the 8 mm step produced the highest levels of velocity fluctu-
ations, indicating enhanced turbulence generation relative to smaller 
step heights. This increase in turbulence is advantageous in two-phase 
flows, as it promotes bubble dispersion and suppresses coalescence, 
emphasizing another advantage of installing the 5 mm and 8 mm solid 
steps.

3.3. Bubble dispersion and size distribution

Fig.  5 presents high-speed camera images illustrating bubble dis-
persion patterns for all tested configurations under two-phase flow 
conditions (Cases 3 to 6). These visualizations highlight the influence 
6 
of cross-flow solid steps on bubble behavior at the diffuser inlet. The 
instantaneous images are provided as qualitative examples to illustrate 
the visual differences in bubble dispersion across various cases and 
flow conditions. A comprehensive statistical analysis of the bubble 
size distributions (BSDs) is discussed afterward. For the reference case 
(without steps), bubbles predominantly accumulate along the upper 
wall before entering the diffuser. Although slightly smaller bubbles are 
observed at higher flow rates (Cases 5 and 6), significant coalescence 
persists.

The 2 mm solid step provides only marginal improvement over the 
reference case. Under low water flow conditions (Case 4: Re𝐿 = 59530, 
Re𝐺 = 9.25), stratified flow patterns are evident downstream of the step, 
and bubble coalescence is even undesirably increased. This suggests 
that the 2 mm step height is insufficient to disrupt large bubbles and 
promote effective dispersion. In contrast, the 5 mm and 8 mm solid 
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Fig. 5. Bubble dispersion patterns for different steps (0 mm, 2 mm, 5 mm, 8 mm) under two-phase flow conditions.
steps demonstrate substantially improved performance. These configu-
rations induce stronger vertical dispersion and more effective breakup 
of large bubbles, resulting in finer bubbles and a higher gas–liquid 
mixing across the inlet channel. The increased step height enhances 
local turbulence and shear forces, which in turn reduce bubble size and 
suppress coalescence under all tested flow conditions.

Overall, the results indicate that the effectiveness of cross-flow solid 
steps in enhancing bubble dispersion is strongly dependent on step 
height. Larger steps (5 mm and 8 mm) consistently produce favorable 
7 
flow structures for two-phase mixing by promoting turbulence and 
disrupting large gas structures.

Accurately capturing bubble size distributions (BSDs) is essential for 
reliable force estimations, such as drag force, in multiphase flow models 
and plays a critical role in validating numerical simulations, as bubble 
size directly affects prediction accuracy (Nguyen et al., 2022). In this 
study, image processing was applied to 500 high-speed frames recorded 
at 50 Hz to evaluate BSDs for a sample two-phase flow condition. Key 
statistical parameters extracted include the median diameter (𝐷 ), 
median
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Fig. 6. Bubble Size Distributions (BSDs) of all configurations for Case 5 and Case 6.
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Fig. 7. Comparison of Sauter mean diameters (𝐷32) and standard deviations (𝜎) of the bubble size distributions for Case 5 and Case 6 across all tested 
configurations.
Sauter mean diameter (𝐷32), and standard deviation (𝜎). The median 
diameter represents the midpoint of the size distribution, while the 
Sauter mean diameter, defined as the ratio of total bubble volume to 
total surface area, serves as a representative measure of the effective 
bubble size, particularly relevant when assessing interfacial dynamics.

The bubble size distributions were obtained using the particle sizing 
module of the Davis 8.4 software (LaVision GmbH). The recorded 
high-speed images were processed using an adaptive thresholding and 
contour-detection algorithm implemented in the software. Each bubble 
was identified by fitting an equivalent ellipse to its projected area, from 
which the equivalent spherical diameter was calculated. This approach 
accounts for irregular bubble profiles by using area-based diameters 
rather than assuming circular shapes. To minimize the influence of 
overlapping bubbles, size recognition was based on local intensity 
gradients and shape segmentation routines embedded in the Davis 
particle sizing algorithm. Only bubbles fully within the field of view 
(with sharp contours) were considered in the statistics, and out-of-focus 
or poorly resolved detections were discarded. For each test condition, 
more than 104 bubbles were analyzed to ensure statistical convergence 
of the size distribution.

A quantitative BSD analysis for Case 5 (Re𝐿 = 78330, Re𝐺 = 3.1) 
and Case 6 (Re𝐿 = 78330, Re𝐺 = 9.25) revealed that the median 
bubble diameter remained relatively constant across all configurations 
(𝐷median = 0.5mm), as shown in Fig.  6. However, both the Sauter 
mean diameter (𝐷32) and standard deviation (𝜎) decreased notably with 
increasing step height, indicating narrower and finer size distributions. 
The 8 mm solid step yielded the most favorable results (see Figs.  6(g)
and 6(h)), confirming its superior performance in enhancing bubble 
breakup and homogenizing the dispersion.

Fig.  7 presents a comparative analysis of the Sauter mean diameter 
(𝐷32) and standard deviation (𝜎) for all step configurations, including 
the reference case. A clear monotonic decrease in both parameters 
is observed with increasing the solid step height, underscoring the 
effectiveness of the cross-flow steps in enhancing bubble breakup and 
promoting finer, more uniform dispersion.

3.4. Gas accumulation performance

This section examines the patterns of gas accumulation and the 
effectiveness of solid cross-flow steps in mitigating these accumulations 
under various two-phase flow conditions. Fig.  8 presents representative 
averaged images of gas accumulation for different test cases, highlight-
ing the influence of liquid and gas superficial Reynolds numbers as well 
as geometric modifications.

The size and shape of the accumulated gas, as illustrated in Fig.  8, 
are primarily influenced by the superficial Reynolds numbers of both 
the liquid and gas phases. In the reference diffuser without steps, large 
9 
gas pockets accumulate typically near the upper surface of the diffuser 
inlet. The most substantial accumulation was observed in Case 4 (low 
water flow, high gas flow), whereas Case 5 (high water flow, low gas 
flow) exhibited the smallest accumulation.

Commonly, introducing the solid cross-flow steps proved effective 
in reducing gas accumulation, with performance improving as the step 
height increased. The 2 mm solid step produced only minor improve-
ments over the baseline, leaving considerable gas retention under most 
flow conditions. In contrast, the 5 mm and 8 mm steps led to substantial 
reductions in gas accumulation by suppressing flow separation and 
enhancing turbulence. These steps effectively eliminated the formation 
of large gas pockets across all tested flow conditions.

It should be noted that, throughout the experiments, the accumu-
lated air consistently extended across the entire width of the channel, 
with only brief transient fluctuations observed during the initial stages 
of accumulation. To determine the average gas accumulation pat-
tern, grayscale images were averaged from 1500 instantaneous frames 
recorded at 50 Hz, yielding a stable depiction of the air–water interface. 
These time-averaged images were then binarized using an intensity 
threshold to delineate the gas boundary. A MATLAB script from (Man-
sour, 2020) was used to extract the boundary pixels and calculate mean 
gas boundaries, which are shown as thin white lines in Fig.  9. The full 
image processing methodology is provided in Mansour (2020).

To further evaluate the effectiveness of the cross-flow steps in re-
ducing gas buildup, the gas void fraction was calculated and compared 
across all tested configurations. This metric provides a quantitative 
measure of the amount of gas trapped within the diffuser relative 
to its total volume. Fig.  10 presents the gas void fraction for each 
configuration, calculated by dividing the average trapped gas volume 
by the channel volume measured from the diffuser inlet. This analysis 
reveals the impact of step height on gas accumulation. As shown, 
the 2 mm step resulted in only minor reductions compared to the 
baseline case, indicating limited effectiveness under most conditions. 
In contrast, the 5 mm and 8 mm steps produced substantial reductions 
in gas void fraction, highlighting their benefits. For instance, the 8 mm 
step achieved reductions in void fraction ranging from 92% to 95% 
in Cases 3 to 6. Maximum effectiveness was recorded in Case 6, 
which featured the highest Reynolds numbers, with a 95% reduction. 
This superior performance is attributed to the ability of these steps 
to generate strong turbulence, facilitate efficient bubble breakup, and 
minimize the flow separation simultaneously, thereby preventing the 
formation of large gas regions.

3.5. Analysis of pressure recovery

In this final section, pressure measurements along the diffuser are 
presented in Fig.  11 to evaluate the impact of step geometry on pressure 
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Fig. 8. Gas accumulation patterns for various configurations under different two-phase flow conditions.
Fig. 9. Processed images used for quantifying the gas accumulation (Case 3).
recovery under various two-phase flow conditions. Pressure sensor 2, 
located at the diffuser inlet (𝑥 = 0), served as the reference point 
for differential pressure calculations. The measured pressure differ-
ences were normalized by the maximum single-phase pressure drop 
(𝑝8 − 𝑝2) recorded in each corresponding test to allow for meaningful 
comparisons. Pressure data were recorded continuously for 15 min at 
a sampling rate of 8 Hz, under both single-phase and two-phase flow 
conditions. To ensure reliability, each test was repeated at least three 
times, and average values were computed. Under single-phase flow 
10 
conditions (Re𝐺 = 0), the reference diffuser without steps exhibited a 
steady pressure recovery along the channel, providing a benchmark for 
evaluating the influence of gas on pressure dynamics. The introduction 
of gas significantly affected pressure recovery, with reductions ob-
served as gas content increased. This effect was more pronounced at the 
lower liquid Reynolds number (Re𝐿 = 59530) than at the higher value 
(Re𝐿 = 78330), underscoring the adverse impact of gas accumulation 
on diffuser efficiency, as illustrated in Fig.  11.



M. Mansour et al.

Fig. 10. Gas void fractions for all considered cases.

Fig. 11. Comparative pressure recovery for solid steps across single and two-phase flow conditions.
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Pressure recovery profiles varied noticeably among the three solid 
step configurations. The 2 mm step does not yield any significant 
improvement compared to the reference case. Additionally, it showed 
inconsistent performance at Re𝐿 = 59530 with Re𝐺 = 9.25 (Case 4), 
likely due to the formation of stratified flow (see Case 4 in Fig.  5 for the 
2 mm step). The 5 mm and 8 mm steps demonstrated excellent pressure 
recovery, with pressure profiles closely resembling those of single-
phase flow across all tested gas flow rates and both liquid Reynolds 
numbers. This indicates again the effectiveness of the presented passive 
technique in mitigating gas accumulations and providing excellent 
and robust pressure recovery even for strongly different single and 
two-phase flow conditions.

Generally, the presented experimental results for the larger solid 
cross-flow steps reveal several advantages concerning two-phase flows 
in diverging channels, including promoted upward flow redirection, re-
duced flow separation, enhanced vertical bubble dispersion, suppressed 
bubble coalescence, mitigated gas accumulation, and significantly im-
proved pressure recovery. This suggests that the considered passive 
control approach using solid steps could be beneficial not only in 
diverging channels and pump impeller passages but also in Venturi de-
vices or channels with sudden expansions where gas–liquid separation 
and coalescence impair performance (Aloui and Souhar, 1996; Arabi 
et al., 2024; Anupriya and Jayanti, 2014; Hwang et al., 2005; Mansour 
et al., 2023; Mansour and Thévenin, 2023).

4. Conclusions

This study evaluated the effectiveness of an innovative passive 
control strategy utilizing upstream cross-flow solid steps (2 mm, 5 mm, 
and 8 mm) for mitigating gas accumulation and enhancing pressure 
recovery in a horizontal diverging channel under various two-phase 
flow conditions. The experimental findings demonstrated that both the 
presence and height of the solid steps had a pronounced influence 
on flow behavior, bubble dispersion, and overall diffuser performance. 
Laser Doppler Anemometry (LDA) confirmed that these steps induced 
stronger turbulence and greater velocity fluctuations, which facilitated 
more effective bubble dispersion. Among the tested configurations, 
the 5 mm and 8 mm steps could substantially promote upward flow 
redirection, and suppress flow separation along the upper diffuser wall. 
In contrast, the 2 mm step failed to generate sufficient turbulence, 
resulting in minimal performance improvement. High-speed shadowg-
raphy further revealed that the 5 mm and 8 mm steps effectively 
enhanced vertical bubble dispersion and significantly suppressed bub-
ble coalescence, whereas the 2 mm step had limited impact. As step 
height increased, both the Sauter mean diameter and standard devi-
ation of the bubble size distributions decreased, indicating finer and 
more uniform bubble populations. Notably, the 5 mm and 8 mm steps 
achieved up to 90%–95% reduction in gas accumulation compared to 
the unmodified diffuser (without cross-flow steps). These modifications 
also yielded significant improvements in pressure recovery, with the 
pressure profiles closely matching those observed under single-phase 
flow, demonstrating near-optimal diffuser performance under all con-
sidered two-phase flow conditions. Overall, the results highlight the 
effectiveness of this novel, passive geometric modification for manag-
ing gas–liquid two-phase flows in diffusers. Its simplicity, scalability, 
and cost-efficiency make it well-suited for industrial implementation, 
particularly in centrifugal pump systems where gas entrapment can 
severely impair performance. Moreover, the comprehensive experimen-
tal dataset provides a valuable resource for validating numerical models 
of two-phase flow in geometrically modified channels.
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