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ABSTRACT 1 [ed] Light intensity

Two-phase flows in diffusers often result in sig- Ly [m] upstream straight pipe length
nificant gas accumulation due to the presence of Ly [m] downstream straight pipe length
low-pressure separation zones, which adversely im- Q¢ [m/s] gas volume flow rate
pacts pressure recovery. This phenomenon limits the OL [m’ /5] liquid volume flow rate
performance of centrifugal pumps transporting gas- W [m] Width of groove (or bar)
liquid mixtures. Unlike pumps with rotating com- Reg  [-] superficial gas Reynolds number
ponents, diffusers offer a simpler setup for precise Re, (-] superficial liquid Reynolds number
experimental analysis. This study investigates the ef- dha [m] downstream hydraulic diameter
fects of geometric modifications on the upper diffuser A [m] upstream hydraulic diameter
side, specifically grooves and bars of varying sizes. p [Pa] local pressure
The goal is to reduce gas accumulation by enhan- P2 [Pa] reference pressure (sensor 2)
cing turbulence and gas dispersion near the accumu- e [m/s] superﬁcial gas _VelOCitY_
lation. A diffuser with an increasing opening angle ur [m/s] superﬁf:lal liquid velocity
was used to induce flow separation and gas accumu- X [m] axial distance
lation. High-speed imaging was employed to capture y [m] vertical distance
the two-phase interactions. The results indicate that & [%] gas volume fraction
small-sized grooves and bars have only a limited im- Hg [Pa - s] V%SCOS%W of gas
pact on gas accumulation. In some cases, geomet- HL [Pa - s] viscosity of liquid
ric modifications even intensify flow separation, res- PG [kg/m’]  density of gas

ulting in a greater gas buildup, especially under low
water flow and high air flow conditions. However,

larger-sized bars, especially the biggest ones, prove Subscripts and Superscripts

E . . d downstream
to be most effective in reducing gas accumulation, G as
particularly at higher water flow rates. The outcomes £ .
. . S h hydraulic
of this research will support the validation of com- A
. o . . . L liquid
putational models and facilitate design modifications
. . ) . u upstream
of centrifugal pumps to improve their performance in
two-phase flow conditions. Abbreviations
% RD Percentage of reading
Keywords: Grooves and bars, Turbulent two- LDA  Laser Doppler Anemometry
phase flow, Gas accumulation, Diverging chan- LED  Light Emitting Diode
nels, Diffusers, Centrifugal pumps LES  Large Eddy Simulation
RSM  Reynolds Stress Model
NOMENCLATURE RTD  Resistance Temperature Detector
A, [m?] upstream cross-sectional area VOF  Volume Of Fluid
D [m] Depth of groove (or bar)
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1. INTRODUCTION

Transporting gas-liquid two-phase mixtures is
necessary in various industrial and engineering sys-
tems, including pipelines, heat exchangers, nuclear
reactors, chemical processing units, solar systems,
and oil wells [1-4]. These flows exhibit complex be-
havior due to the interaction between the two phases,
leading to uneven flow patterns and unsteady dynam-
ics. The characteristics of these flows are highly in-
fluenced by channel geometry, flow rates, and phase
properties, making their prediction and control es-
sential for optimizing system performance and avoid-
ing operational issues such as flow instabilities, pres-
sure fluctuations, and phase separation.

In channels with variable cross-sectional areas,
e.g., diverging channels or diffusers, the dynamics of
gas-liquid flows become even more intricate. Diver-
ging or expanding cross-sectional areas can lead to
significant variations in velocity due to the possibil-
ity of flow separation, influencing pressure and void
fraction distribution, leading to local gas accumula-
tion [5]]. Such large pockets of gas undesirably pre-
vent the diffuser from effectively increasing pressure.
Developing techniques to inhibit or decrease gas ac-
cumulation in diverging channels is therefore crucial
for ensuring effective pressure recovery.

The gas-liquid flow patterns in this expand-
ing channel resemble those in centrifugal pump im-
pellers, where gas buildup causes flow instabilities
and reduces pump head and efficiency [6H8]. The
complex turbulence and rotational effects in pumps
further challenge the accuracy of numerical simula-
tions, especially at high flow rates [5,9,|10]. Thus,
more experiments and improved numerical models
are essential for better prediction and control.

This research builds on turbomachinery stud-
ies, focusing on how gas buildup in diverging im-
peller channels degrades centrifugal pump perform-
ance. Designed for single-phase flows, these pumps
suffer efficiency losses, strong vibrations, flow in-
stabilities, and potential failure when gas accumu-
lates [41]6,/11,/12]. Understanding gas-liquid inter-
actions is therefore crucial for minimizing gas accu-
mulation and managing two-phase flows effectively.

Researchers have often studied gas-liquid two-
phase flow in channels with constant cross-sections
to identify flow patterns and measure pressure drops
[2,(13}/14]]. Similar studies have focused on channels
with abrupt cross-sectional changes, like sudden ex-
pansions or contractions [2,[15H18]]. Other research
examined gas-liquid flow in diffusers, such as ver-
tical circular diffusers for pressure recovery [19] and
micro-scale converging-diverging rectangular chan-
nels for pressure drops [20]. Hwang et al. [20]
found that gas velocity decreased in diverging sec-
tions, leading to bubble coalescence and significant
flow changes. However, most studies used diverging
sections with constant opening angles (straight walls)
[[18H24], which may not fully capture complex flow
phenomena like large gas accumulations. The study
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of two-phase flow in gradually expanding channels
with increasing opening angles has received less at-
tention, underscoring the need for further investiga-
tion into gas accumulation in these geometries.

A prior study examined two-phase flow regimes
in a horizontal, gradually diverging channel [5],
identifying key parameters affecting gas accumula-
tion. It was found that large recirculation zones,
caused by flow separation, trap gas bubbles, leading
to significant accumulations. Increasing the air flow
rate resulted in larger accumulations, while increas-
ing the water flow rate initially expanded recircula-
tion zones, increasing accumulation size, until turbu-
lence intensified and reduced the accumulation again.
A notable air pocket remained near the end of the dif-
fuser, even at low gas volume fractions (0.05%), neg-
atively affecting velocity distribution and pressure re-
covery. The study concluded that reducing flow sep-
aration or increasing turbulence intensity can help
minimize gas accumulation size [5].

The potential of upstream cross-flow steps to re-
duce gas accumulation in separated turbulent flows
was recently explored [25]]. These steps enhanced
turbulence intensity, breaking larger bubbles into
smaller ones and redirecting them towards the chan-
nel center, away from the accumulation region. Some
step configurations also improved pressure recovery,
particularly at higher water flow rates. However, it
is important to note that these flow modifications are
intrusive elements, affecting inlet conditions.

Several studies [9} (26, 27|] validated numerical
models against experimental data from [5[] to im-
prove prediction accuracy. Kopparthy et al. [9] found
that coupling the Reynolds stress model (RSM) with
the volume of fluid (VOF) method accurately pre-
dicted gas accumulation size and shape, but faced
increased errors at high flow. Hundshagen et al.
[26] highlighted the impact of turbulence model in-
accuracies, noting that the dispersed two-fluid ap-
proach sometimes failed to detect gas accumulation.
Nguyen et al. [27] achieved the most accurate pre-
dictions with a hybrid multiphase model combining
Eulerian-Eulerian, VOF, and large eddy simulations
(LES), though it was sensitive to prescribed bubble
size, requiring further development. These limita-
tions emphasize the continued importance of exper-
imental studies in two-phase flow simulations with
significant gas accumulation.

Grooves have been shown to enhance perform-
ance and mitigate undesirable phenomena in tur-
bomachinery [28]. In centrifugal compressors, they
control rotating stall, though with increased hy-
draulic losses [29]], and in Francis turbine draft tubes,
they suppress swirl at the cost of added losses [30,
31]. Grooves have also reduced cavitation in pump
inducers [32}/33]]. In single-phase centrifugal pumps,
micro-grooves on impeller shrouds improve velocity
distribution, reduce hydraulic losses, and lessen dif-
fuser separation by smoothing the surface and re-
ducing turbulence [34]. Macro-grooves in mixed
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and centrifugal flow pumps reduce inlet swirl, axial
thrust, and improve tip leakage flow [35H37]. Addi-
tionally, grooved front shrouds in centrifugal pumps
enhance secondary flow and improve gas-liquid mix-
ing, reducing gas accumulation [38]].

This study investigates the potential to reduce
gas accumulation in two-phase flow within a hori-
zontal diverging channel by modifying the upper dif-
fuser wall, where gas typically accumulates. Grooves
and bars of various sizes were introduced to enhance
turbulence and promote gas dispersion, thus reducing
accumulation. The experimental setup and diffuser
geometry from previous work [5,(9,[25127]] were re-
tained. A diffuser with a progressively increasing
opening angle was used to induce flow separation
and gas accumulation. Two-phase flow conditions
were varied, with Reynolds numbers for the water
and air phases ranging from Re; = 59530-78330 and
Reg = 3-9.25, respectively. Single-phase flow ve-
locities were measured using Laser Doppler Anem-
ometry (LDA), while high-speed imaging captured
two-phase flow dynamics. Some tested designs ef-
fectively reduced gas accumulation. The results of
this study will be valuable for validating computa-
tional models and exploring design modifications for
centrifugal pumps operating under two-phase flow
conditions, eventually improving their performance.

2. DETAILS OF THE EXPERIMENTS

Figure[]illustrates the experimental test rig. The
diverging section is made of transparent acrylic glass
for clear flow observation and optical measurements.
A submersible pump circulates water from a 6.0 m?
tank, while compressed air is introduced through 21
circumferentially arranged 1.0 mm holes in a mix-
ing joint. Water and air flow rates are independently
measured and regulated using control valves. An
electromagnetic flow meter (Endress+Hauser Pro-
mag 30F with + 0.5% RD accuracy) measures water
flow, while a rotameter (Yokogawa RGC1263 with
+ 2.5% RD accuracy) measures air flow. Two RTD
(Resistance Temperature Detector) sensors (Pt100,
Class B, + 0.3 K error) monitor water and air temper-
atures before mixing. The air supply system includes
a service unit, control valve, pressure regulator, and
restriction valve for precise control. Eight pressure
sensors (Cerabar T PMC131, —1 : +1 bar, = 0.5%
RD accuracy) track pressure changes along the dif-
fuser. The estimated average uncertainty in pressure
measurements is 2.9% of the reading. Further details
on measurement devices can be found in [525].

The flow channel has rectangular cross-sections
of 40 x 44 mm upstream and 100 X 44 mm down-
stream, yielding a hydraulic diameter ratio of 1.45,
with upstream and downstream hydraulic diameters
of dy, = 42 mm and dy; = 61 mm, respectively.
The upstream section (L; = 34dy,) ensures fully
developed flow, while the downstream section ex-
tends L, = 15.5dy,. The diffuser features a gradu-
ally increasing opening angle to induce flow separ-
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ation and air accumulation. It starts with a half-
included angle of 6°, with the upper curve defined
by x = 13.5y — y*/10 — 230 (where x represents the
axial direction and y the vertical direction), increas-
ing to 16°. The horizontal flow orientation, while
not exactly replicating Coriolis effects in pumps, pre-
serves lateral force interactions, unlike vertical chan-
nels where gravity acts parallel to the flow. This
setup effectively mimics gas accumulation as ob-
served in impeller channels, enabling investigations
into gas accumulation reduction methods.

Single-phase (water) velocity measurements
were performed on the upper side of the diffuser us-
ing a two-component Laser Doppler Anemometry
(LDA) system (Dantec Dynamics 2-D), with an es-
timated measurement uncertainty below 0.5%. This
accounts for statistical (sample size), spatial (grid
resolution), and calibration uncertainties. An auto-
matic traversing system acquired velocity data at 325
grid points (10 mm horizontal spacing, 7.5 mm ver-
tical spacing, see Figure 2a). The velocity was de-
termined from 25,000 samples per point, collected
at an average acquisition rate of 1.5 kHz to ensure
statistical stability in such turbulent flow. The meas-
urements were performed in the mid-longitudinal
section, which provides insights into flow phenom-
ena such as jet direction, flow separation, and tur-
bulence intensity, which are all essential for under-
standing gas accumulation in two-phase conditions.
The precise location of each point was determined
through calibration, correcting for laser beam refrac-
tion through the acrylic glass and water. Further de-
tails about the LDA system and the refraction cal-
ibration are available in [39]]. Glass spheres with
10 wm mean diameter and 1000 kg/m? density were
used as tracers. A high-speed camera captured shad-
owgraphy images, where the channel was backlit by
two LED panels positioned opposite the cameras, as
shown in Figure[2b). This setup created a dark border
at the water-air interface, providing a clear visualiza-
tion of the size and shape of gas accumulation.

The tested cases involve surface modifications
on the upper diffuser wall, specifically three grooves
and three bars of varying sizes (Figure [3). The
grooves and bars were embedded along the upper
wall with the following dimensions (Width, W X
Depth, D) 1.0 mm x 0.4 mm for Gl and BI,
3.0 mmx 1.5 mm for G2 and B2, and 6.0 mmx 3.0 mm
for G3 and B3. Expressed in dimensionless form re-
lative to the upstream hydraulic diameter (d,), the
corresponding sizes (W/dp,xD/dp,) are 2.4 %x1.0 %
for G1 and B1, 7.2 % x 3.6 % for G2 and B2, and
14.3 % x 7.2 % for G3 and B3. These surface struc-
tures enhance turbulence and bubble dispersion by
introducing localized disturbances along the gas ac-
cumulation path. By periodically obstructing the
flow, they promote mixing and disturb gas accumu-
lation. The study examines their impact on velocity
profiles, gas accumulation, and pressure recovery un-
der single-phase and two-phase flow conditions.
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Figure 3. Schematic illustration of diffusers with
different artificially introduced grooves and bars.

3. RESULTS

Building on previous studies [5} 9,26} |27, 39],
specific flow conditions were selected to investig-
ate gas accumulation under varying two-phase flow
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regimes. Two water flow rates (Qr) and two air
flow rates (Qg) were chosen, resulting in four dis-
tinct cases to analyze the influence of different sur-
face modifications. Table [I] summarizes the selec-
ted conditions. The superficial Reynolds numbers
(Re) for each phase were determined using Eq[l]
where p represents density, u is the superficial inlet
velocity (calculated via Eq[2), u is dynamic viscos-
ity, and subscripts L and G refer to liquid (water)
and gas (air), respectively. The upstream channel
cross-sectional area is denoted as A,. These Reyn-
olds numbers characterize the flow regime of each
phase, assuming it occupies the full channel cross-
section. The inlet gas volume fraction (¢) of each
case is determined by by Equation [3] The experi-
mental setup ensured operation under non-cavitating
conditions to prevent misinterpretation between air
bubbles and vapor cavities. The minimum cavitation
number was computed as o = 18.5, significantly ex-
ceeding the critical threshold (o = 0.3), even at
the maximum velocity, accounting also for flow fluc-
tuations. Consequently, no cavitation was observed
during the experiments.

Repq = OLG ULG A 0
HLG
OLc
urc = Au (2)
Oc + 0L
Table 1. Flow conditions examined in this study
Case# | QO Oc Re; Reg & (%)
(m*[s)| (m*/s)
x1073 | x107°
1 264 |0 59530 | 0 0
2 347 |0 78330 | 0 0
3 2.64 1.964 | 59530 | 3.10 | 0.074
4 2.64 | 5.892 | 59530 9.25 0.223
5 3.47 1.964 | 78330 | 3.10 | 0.056
6 347 | 5.892 | 78330 9.25 0.169
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Figure [] shows the single-phase velocity mag-
nitudes and fluctuations for all configurations for
Case 2. The flow separation increases with groove
size due to greater boundary layer disturbance. Sim-
ilarly, diffusers with bars (B1, B2, B3) exhibit greater
flow separation than the smooth reference, with lar-
ger bars amplifying velocity fluctuations. Regions
of high velocity fluctuations expand as the bar size
increases. Further, bars, especially B2 and B3, in-
duce stronger turbulence near the diffuser inlet than
grooves, with B3 showing the highest velocity fluc-
tuations, potentially enhancing two-phase mixing.
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Figure 4. Measured velocities for different config-
urations (Case 2, Re; = 78330, Re; = 0).

Figure [3] illustrates the effects of grooves and
bars on gas accumulation in two-phase flow. G1 be-
haves similarly to the reference case, showing min-
imal impact of small grooves, while G2 and G3 in-
crease gas accumulation at low water flow, with G3
forming a huge gas cavity in Case 4 due to the in-
creased flow separation. At Re; = 78330, both G2
and G3 reduce gas buildup by enhancing turbulence
and bubble dispersion. Among bars at low flow of
water (Re; = 59530), B1 has little effect, B2 in-
creases accumulation at high gas flow (Case 4), while
B3 reduces it in Cases 3 and 4. At Re; = 78330, B2
and B3 significantly decrease gas accumulation, with
B3 performing best across all conditions.

The accumulated air consistently spanned the
entire channel width, with minor unsteady variations
near the onset of accumulation. To determine the av-
erage accumulation size, 1,500 instantaneous images
were captured at 50 Hz and processed into a gray-
scale average image. This stabilized the air-water in-
terface by filtering out transient effects and minimiz-
ing potential three-dimensional variations. The gray-
scale images were then binarized using an intensity
threshold (/) derived from their brightness spectra.
A MATLAB script automated boundary detection to
obtain the accumulation size. Further details on this
calculations are available in [5}39].

Figures[6]and[7] present gas void fraction results,
defined as the ratio of mean accumulated gas volume
to total channel volume from the diffuser inlet. As
shown in Fig. [0} G1 closely follows the reference
case, while G2 and G3 increase void fractions at low
water flow, with G3 peaking in Case 4. At higher
flow, both G2 and G3 reduce gas accumulation, with
G3 most effective in Case 5. For bars (Fig. [7), Bl
mirrors the reference, B2 increases gas buildup at
low water flow (Case 4), and B3 consistently min-
imizes void fractions, especially at high flow. These
findings highlight that G2, G3, B2, and B3 effect-
ively reduce gas accumulation at high liquid velocity,
while G1 and B1 provide little improvement. Again,
B3 provide improvements for all different conditions.
However, the geometry should be carefully selected
to control gas accumulation, as the effectiveness var-
ies with flow conditions.

Lastly, Figure [§] shows pressure recovery within
the diffuser for all cases, measured at eight axial loc-
ations (Fig. [I). To account for turbulence, data were
recorded three times at 8 Hz over 15 minutes and av-
eraged. Pressure differences were calculated relative
to sensor 2 at the diffuser inlet (x = 0). For the ref-
erence case, larger gas accumulations generally re-
duce pressure recovery. Grooves have little effect at
low liquid flow (Re; = 59530) and worsen recovery
at high gas flow (Reg = 9.25) due to excessive gas
buildup. This limited pressure recovery at low liquid
flow rates can be attributed to the adverse interac-
tion between the embedded structures (grooves and
bars) and the flow dynamics. Specifically, surface
structures intensify flow separation along the upper
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wall, which promotes gas accumulation and disrupts
the pressure recovery. Furthermore, in the cases of
the larger bars (B2 and B3), the reduced inlet cross-
sectional area causes flow acceleration, contributing
again to reduced pressure recovery. At higher liquid
flow, the impact of grooves remains minimal, while
all bars closely match the reference case, with B3 of-
fering slight improvement by consistently reducing
gas accumulation.

4. CONCLUSIONS

This study examined the effects of surface modi-
fications on the upper diffuser side, specifically
grooves and bars of varying sizes, to mitigate gas
accumulation in two-phase flow conditions. The
findings reveal that small-sized grooves and bars
have minimal influence on gas dispersion and, in
some cases, exacerbate flow separation, leading to
increased gas buildup. Conversely, larger-sized bars,
particularly the largest ones, demonstrate signific-
ant effectiveness in reducing gas accumulation, espe-
cially at higher water flow rates. Pressure recovery is
strongly influenced by gas accumulation, with larger
accumulations leading to reduced recovery. While
grooves have minimal impact, the diffuser with bars,
particularly B3, shows a more balanced effect, mit-
igating gas accumulation while maintaining relat-
ively stable and slightly improved pressure recovery.
These insights contribute to a better understanding
of two-phase flow behavior in diffusers and provide
valuable input for improving computational models
and optimizing centrifugal pump designs handling
gas-liquid two-phase flows.
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