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ABSTRACT: The magnetohydrodynamics of bubbly nanofluid flow in a horizontal pipe was studied. The drag-
reduction effect of the behavior of a magnetohydrodynamic nanofluid in bubbly flow was experimentally verified by
generating bubbles in the flow. The study examined the effects of the magnetic field on bubble formation by observing
bubble characteristics, including shape, size, and trajectory. The experimental analysis adopted an optical system using
a high-speed video camera. A MATLAB code was developed to track bubble formation in bubbly flow. The magnetic
field affects the continuous nanofluid phase and, in turn, influences the gas phase and bubble features, such as bubble
growth, shape, size, trajectory, and formation velocity. The results showed that under a magnetic field up to 4000 gauss
and a nanofluid superficial velocity of 17.78 cm/s, the magnetic force had the greatest effect due to the increased electrical
conductivity of the nanofluid. Also, in a magnetic field, bubble formation is delayed, leading to increased collisions
and bubble merging. The magnetic field makes the bubble turbulent and unstable, especially after it separates from the
nozzle tip, as evidenced by changes in its shape and trajectory. The shape factor of bubbles decreases as the magnetic
field intensity increases. This effect is confirmed by the elongation of bubbles within the nanofluid flow.
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1 Introduction
Nanofluids are fluids in which nanoparticles are dispersed into base fluids, and due to their unique

thermal characteristics and uses, they have captured the imagination of researchers from different disciplines.
For instance, nanofluids enhance heat transfer in heat exchangers, and PCs used for electronic cooling; Al2O3
nanofluids increase heat sink effectiveness by 28.3% [1,2]. In renewable energy systems, they optimize solar
collectors and improve the cooling systems of nuclear reactors, meaning that renewable energy systems can
be safer and more efficient [3,4]. In the biomedical field, magnetic nanofluids are used in drug delivery
systems and in thermally targeted cancer therapy via heat generation [5]. They are useful industrially as
lubricants and coolants, especially in matching operations, since they reduce friction while enhancing
finishes [6]. Furthermore, nanofluids have been shown to enhance heat transfer rates and reduce fouling
on working surfaces during thermal desalination processes [7]. The examples above demonstrate the use of

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/EE
https://www.techscience.com/
https://doi.org/10.32604/ee.2026.083821
https://www.techscience.com/doi/10.32604/ee.2026.083821
mailto:20085@uotechnology.edu.iq


2 Energy Eng. 2026;123(9):18

nanofluids and show that they are an essential focus of modern technological development. That they can
bring about a marked enhancement in thermal efficiency across so many applications confirms the potential
to change the face of many industries.

The significant enhancement of thermal conductivity and heat transfer in fluids using nanomaterials,
under the influence of a sufficiently strong magnetic field, is possible [8]. For instance, when magnetic
nanoparticles are dispersed in a base fluid, applying a magnetic field aligns them into a chain that serves as
a path for heat transport. It also enhances thermal conduction and convective heat transfer rates [9]. The
investigations in the current literature also confirm that a magnetic field facilitates the formation of these
structures and can enhance the heat transfer coefficients of nanofluids by up to 30 percent or more [10]. In
addition, the dispersion process using ultrasound helps distribute nanoparticles uniformly throughout the
fluid—a factor that significantly bolsters the potential of these thermal upgrades. In addition to enhancing
the thermal properties of nanofluids, magnetic field absorption, along with ultrasound treatment, improves
energy conversion in applications such as electronic cooling and cooling systems in renewable energy
systems [11].

Magnetic nanoparticles in a nanofluid are heated primarily by hysteresis and Néel losses when an
alternating current is passed through an immersed coil [12]. The energy loss arises from the magnetization
retardation of the metallic nanoparticles in response to variations in the applied magnetic field, which
converts energy into heat. Similarly, Néel losses occur from the magnetization process of the nanoparticles
when they are aligned with the modified magnetic field [13]. This process not only contributes to heat
production within the nanoparticles but also enhances heat exchange with the surrounding core fluid. When
the nanoparticles are heated, they transfer heat to the core fluid, thereby increasing its temperature. This
mechanism is very useful in cases of high heat flow from a heat-carrying fluid to a heat sink, for example,
for cooling electronic modules or in thermal systems handling industrial processes. The performance of
this heating mechanism can be significantly improved if the above parameters of the MNPs, such as their
concentration and size, as well as the frequency and amplitude of the AC current, are well controlled.

Studies have shown that increasing nanoparticle concentrations enhances hysteresis losses, thereby
increasing the overall heat capacity of the nanofluid. Furthermore, smaller nanoparticles have a higher
surface-to-volume ratio, which can be beneficial for the base fluid and improve thermal conductivity [14].
This is because the combined effects of these factors are essential for achieving the highest possible heat
transfer rates in practical applications. However, the addition of a magnetic field within the system can
induce secondary flows in the nanofluid, thereby enhancing convective heat transfer [15]. In addition to
nano-alignment, the application of a magnetic field also drives particles through the fluid, further improving
dynamic mixing and heat transfer [16]. Analytical and experimental investigations have shown that an
integrated approach yields significant improvements in thermal performance, with heat transfer coefficients
increasing by 13% to 75% depending on flow conditions [17–20].

A quite challenging and interesting discussion can be held on the behavior of collapsing bubbles and
the associated effects in high-thermal-conductivity nanofluids, with a focus on magnetic-field effects at
gas/liquid interfaces [21]. When a gas bubble forms in a nanofluid, for instance, a magnetic particle nanofluid,
the coupling between thermal conductivity and external magnetic fields greatly influences the bubble’s
behavior during collapse [22]. It is established from the existing literature that, when an external magnetic
field is applied, the thermal conductivity of the nanofluid increases, which in turn influences the temperature
and pressure within the bubble [23].

Even in cavitation cases, the pressure change is dramatic during bubble collapse, and inside the bubble,
conditions are extreme. This process is characterized by a rapid compression phase in which the temperature
can soar due to adiabatic compression [24]. The exaltation of this effect is due to magnetic nanoparticles,



Energy Eng. 2026;123(9):18 3

which, when subjected to a magnetic field, exhibit hysteresis and Néel losses that produce heat. It is
conducted to the surrounding fluid, causing changes in temperature and the thermophysical properties
of the nanofluid [25]. As a result, the thermal conductivity coefficient enhances heat transfer from the
nanoparticles to the base fluid during bubble-collapse energy dynamics. In their work, when the bubble
shrinks, the investigations show that the vapor temperature can exceed that of the surrounding fluid [26].
The local heat sources that are created by the oscillating bubble’s interaction with the magnetic field make
the fluid behavior highly nonlinear, which is due to the combined thermal and hydrodynamic forces at play.
For example, situations in which bubbles collapse near solid walls or in confined volumes are even more
extraordinary. As for the post-collapse stage, the nature of the curved surface may affect the development of
secondary collapse or oscillations, thereby improving heat transfer characteristics [27–30]. Furthermore, this
has practical significance for other engineering applications, such as the improvement of heat exchangers or
cooling systems for electronic equipment [31]. Exciting for thermal management is the prospect offered by
the work, the possibility of controlling the bubble dynamics via magnetic fields. Since these effects depend
on variables such as nanoparticle concentration, magnetic field strength, and fluid properties, engineers can
manipulate these parameters to leverage the effects and improve the system [32]. In some cases, one can use
computations and simulations to predict how bubbles will behave under different conditions in experimental
setups. For example, lattice Boltzmann methods have been applied to model cavitation processes and to
examine the effects of bubble dynamics on heat transfer in nanofluids. In these cases, the augmentation of the
convective heat transfer coefficient by nanoparticles appears to be substantiated when a high nanoparticle
concentration or an optimal magnetic field strength is applied to the fluids [33–37].

In conclusion, the ways in which bubbles in high-thermal-conductivity nanofluids are destroyed by a
magnetic field is an interesting area of study that falls within the domains of thermophysics, fluid dynamics,
and magnetism. The magneto-mechanical characteristics of magnetic nanoparticles for heat generation not
only influence bubble dynamics but also enhance thermal conductivity and heat transfer coefficients. While
research on these interactions is ongoing, it has revealed the potential to improve these technologies across
areas such as energy, biomedical, and materials. Knowledge of these mechanisms would be essential to the
development of new solutions that effectively leverage nanofluid properties in real-world scenarios. This
work was to investigate the enhancement of water magnetization with iron oxide Fe3O4 nanoparticles at a
laminar flow of nanofluid and the treatment of this flow with the effect of the magnetic field, especially, which
might implement the use of magneto-hydrodynamic MHD control on the bubbly flow characteristics to be
applied for the enhancement of injection systems into production processes.

The novelty of this work lies in its integrated experimental and numerical investigation of magnetohy-
drodynamic (MHD) effects on bubbly nanofluid flow, a topic with limited direct experimental validation in
the literature. Unlike conventional studies that examine nanofluids or bubbly flows separately, the present
study combines both phases under controlled magnetic fields to reveal coupled interfacial dynamics. A high-
speed optical imaging system, together with a custom MATLAB-based tracking algorithm, was employed
to provide quantitative and time-resolved characterization of bubble formation, growth, deformation,
and motion. In addition, delayed bubble detachment, enhanced coalescence, increased instability, and
measurable variations in the bubble shape factor were experimentally and numerically demonstrated as the
magnetic field intensity increased. The numerical model successfully reproduced the main experimental
trends, including bubble elongation, size increase, and migration patterns, confirming the reliability of the
coupled multiphase MHD analysis. These findings provide new physical insight into phase interactions
in MHD environments and contribute toward improving transport phenomena in advanced cooling and
energy-related applications.
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2 Experimental Implementation
The experimental setup for the bubbly nanofluid flow in a horizontal pipe is schematically depicted

in Fig. 1a. In this experiment, the optical approach was utilized. Thus, the test section was made of clear
polycarbonate. The test part is 0.05 m in diameter and 0.8 m in length. The purpose of the air injection device
installed at the beginning of the test section was to create air bubbles inside the test segment. The air injection
system was connected to the tiny compressed air line and the nanofluid line. The Fe3O4–water nanofluids
were prepared at a volume fraction 0.5% by dispersing Fe3O4 nanoparticles in deionized water. Initially, the
mixture was stirred magnetically for 60 min to ensure uniform dispersion, followed by ultrasonication for
90 min using a probe sonicator (400 W, 20 kHz). During preparation, the fluid temperature was maintained
below 30○C with an external cooling bath to prevent nanoparticle agglomeration from excessive heating.
The stability of the nanofluids was visually monitored immediately after preparation, and sedimentation tests
were conducted at 1 and 48 h to confirm homogeneity. Table 1 shows the thermophysical properties of the
Fe3O4 nanofluid. The nanofluid passes through the bypass valve and is pumped by a small water pump (12 W,
2 L/min, 0.6 m). The pressure gauge and flow meter are connected to this cable as well. A frothy, two-phase
flow that travels through the center of the test section is produced by the combination of the nano liquid
and air from the injection system entering the test pipe. A gas flow meter measures the air flow rate before
it enters the injection system, and a pressure regulator controls the air pressure. A 0.15 mm-diameter nozzle
was positioned at the center of the pipe tip’s cross-section to allow air bubbles to pass through.

Figure 1: (Continued)
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Figure 1: The experimental rig and measurement system.

Table 1: Thermophysical properties of the Fe3O4 nanofluid [38].

Nanoparticle Density
(kg/m3)

Thermal
Conductivity

(W/m⋅k)

Specific Heat
Capacity (J/kg⋅k)

Electrical
Conductivity (S/m)

Fe3O4 (50 nm) 5180 8.65 104.2 1 × 105

Nanofluid (water + Fe3O4)
0.5% 1118 0.761 3299.1 31.4 × 10−6

Using a stopwatch and a tank with a predetermined volume, the flow meter is first calibrated by
recording the nanofluid flow rate. As shown in Fig. 1b, the procedure involved filling the tank with 3 L
of nanofluid and recording the time required. The flow rate was approximately 4.8 L per minute. The
electromagnet, consisting of two coils with 250 wraps of copper wire and a U-type yoke (made of steel), was
intended to be charged by a DC source. Between the magnet poles were two sensors from the Tesla meter.
The magnetic field between the electromagnet coils was measured over a range of 0 to 4000 gauss.

A frame grabber board, a high-speed camera, a PC, and a lighting system are all part of the image
acquisition system. Behind the viewing pipe was a 120-W lamp that provided light. A Phantom Miro digital
camera with a maximum resolution of 1280 × 800 was used to take the pictures.

Analysis of uncertainty was an important part of determining the statistical accuracy of the research
and experimental data. Through this analysis, potential anomalies in the instrument’s calibration can be
detected, and the data’s inaccuracy can be predicted. To measure the uncertainty, the approach proposed by



6 Energy Eng. 2026;123(9):18

Wahhab et al. [21] was used. To find the different errors in measurements as performed in the experiments,
the equation shown below was used:

WR = [(
∂R
∂x1

w1)
2
+ ( ∂R

∂x2
w2)

2
+ . . . + ( ∂R

∂xn
wn)

2
]

0.5

(1)

WR is the uncertainty part, R means the independent variable functionality (x1, x2, . . ., xn), and (w1, w2,
. . ., wn) is the uncertainty of the independent variables. The accuracy of the air flowmeter was ±0.96%, and
its uncertainty was 0.31%. The measurement error of the nanofluid flowmeter was 2.2%. Moreover, magnetic
field intensity exhibited an uncertainty of about 2.6% during the experiment. Therefore, the total uncertainty
in this experiment was 3.11%.

The influence of the magnetic field was evident by observing the recorded images, as the shape and size
of the moving air bubbles changed during the two-phase flow. From the experiments, the air bubbles’ shapes,
density variations, clear border distributions, and bubble sizes also showed uneven variations from image to
image. It was difficult to clearly observe the boundaries of the air bubbles, indicating that using the optical
detection method to accurately determine them is challenging. Digital image processing techniques were
used to retrieve the data from high-speed video recordings. The MATLAB-based program used three distinct
operational steps to process the data: bubble tracking, bubble border identification, and bubble dimension
validation. The image processing workflow used in this investigation is shown in Fig. 2. Morphological
procedures were employed in the first series to reduce image noise and improve clarity. Each image was
converted to a binary image via grayscale thresholding, with threshold values ranging from 0.5 to 0.8
(for interpretation of sensitivity results): the bubble area decreased gradually by approximately 6%–7%
as the threshold increased from 0.5 to 0.8; this behavior is expected because higher thresholds eliminate
low-intensity edge pixels. The perimeter exhibited only a small reduction (around 5%–6%), indicating
stable boundary detection. The shape factor increased slightly with threshold value, suggesting smoother
detected bubble contours at higher thresholds. Processing images taken close to the nozzle tip, where bubbles
formed, made it harder to identify bubble boundaries. To distinguish the nozzle structure from other image
components, the system used an image of the nozzle edge without bubbles (Fig. 2b).

Figure 2: Image processing procedure for a bubble formation; (a) original images, (b) images without bubbles, and
(c) binary image.

The algorithm’s final step erased the pixels that formed the nozzle contour while matching bubbles in
binary images to the reference nozzle image (Fig. 2c). At various magnetic field intensities, the algorithm
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measured bubbles using their oblate-spheroidal and elliptical interpretations. The equivalent bubble diameter
had to be determined under the spherical assumption to simplify calculations.
Inference about Bubble Dimensions

When assessing changes in bubble shape during travel through continuous phases under various
external stresses, the shape factor (SF) is a crucial measure [21]. A crucial measurement tool for figuring out
how bubbles originate and undergo structural changes is the shape factor.

SF = 4πA
P2 (2)

where P and A are the perimeter and the area of the bubble formed, respectively. The value of the bubble
shape factor can be determined from zero to one, as it represents a measure of the extent to which the bubble
transforms from its elongated ellipse shape (close to zero) to its circular shape (close to one). Based on
information provided in the literature, bubbles under flow conditions often appear spherical [25]. In general,
the bubbles during formation are approximately elliptical, so the standard shape factor for elliptical bubbles
has been adopted. Fig. 3 shows examples of bubbles within the data collection.

Figure 3: Examples of bubbles within the data collection.

According to the description of Wahhab et al. [21], the mathematical approximation based on Eq. (3)
was adopted in calculating the perimeter of the ellipse. Consequently, the symmetrical ellipse’s major axis is
2x, and its minor axis is y. Based on initial computations, this study employs an approximation for elliptical
bubbles (e = 0.5) with a margin of error of less than 1.4%.

P = π
√

2 (x2 + y2) − (x − y)2

2.2
(3)

The SF elliptical bubble is used as a selection criterion to the extent that the magnetic force affects
the bubble shape, while bubble parameters A and P are functions of the shape factor and aspect ratio RL
(RL = x/y).

SF = 4πA
P2 =

4x y
2 (x2 + y2) − (x−y)2

2.2

(4)

And,

SF = 4πA
P2 [0.2273 + 0.3863(RL + 1

RL
)] (5)

Fig. 4 shows the structure of data implemented in the MATLAB algorithm for this work. The perimeter,
area, major axis, and minor axis are the geometric properties of a bubble. Additionally, an analogous diameter
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is used to calculate the bubble’s diameter [25]. These parameters were measured and organized for each
bubble in images.

db = 2
√

A
π

(6)

Figure 4: A structured data implementation in a MATLAB algorithm.

3 Numerical Analysis
Computational fluid dynamics (CFD) analysis techniques are efficient tools for modeling mechanical

problems and analyzing physical phenomena in engineering applications. In the present simulation, the
commercial CFD software ANSYS 19.2 FLUENT MHD Module, with the pre-processing tool SolidWorks
10.0, is used to model and simulate MHD two-phase bubbly flow in a horizontal pipe. This simulation
captures the dynamics of air-bubble formation from the mixer nozzle under the influence of a magnetic field.
The fluid volume model was used to simulate air bubble formation. The mixer is designed to generate air
bubbles in laminar nanofluid flow. The inner diameter of the mixer is 20 mm, and the length of the mixer
is 60 mm. Air is injected through the center of the mixer’s cross-section via a nozzle. A nozzle diameter
of 0.15 mm is used; the mixer’s geometrical model is shown in Fig. 5. The unstructured tetrahedral mesh is
selected due to the complex geometry. A recommended approach to eliminate the influence of mesh size is
to seek a mesh-independent solution; this approach has been followed. The optimal grid size is selected at
which the solution is not affected by it. The most accurate and comparable results for bubble formation inside
the mixer, bubble velocity, and bubble behavior under a magnetic field were obtained using a fine-meshing
scheme, as shown in Fig. 5. Thus, the fine mesh was selected for the simulations and to interpret the results.
The number of nodes and elements in the fine mesh was 996,782 and 465,783, respectively.



Energy Eng. 2026;123(9):18 9

Figure 5: The geometrical model and mesh of the mixer.

Mesh independence: The computational processes were carried out for five selected grid sizes for the
MHD model; the summary of the grid independence test results is shown in Fig. 6. Observed that the results
of the air volume fraction to bubbly flow produced almost identical results when using nodes 996,782 and
1,245,368. Hence, a domain with 996,782 nodes was chosen to increase computational accuracy and reduce
computation time.
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Figure 6: Grid independence test: variation of air volume fraction.

Governing Equations
The solution technique employs the finite volume method to solve the system of governing partial

differential equations using the ANSYS 19.2 Fluent MHD Module. A transient numerical simulation of
bubble formation in the mixer is carried out using the Volume of Fluid (VOF) method [35]. A few
assumptions are made, such as that the fluid is immiscible, incompressible, and Newtonian, and that the
flow is laminar. Table 2 shows the boundary conditions for the MHD simulation. Bubble flow dynamics in
electrically conductive liquid subjected to an external DC electromagnetic field can be characterized by the
following set of equations [22]:

∇2
→

B
(μoσl)

+ (
→

B.∇)
→

U − (
→

U .∇)
→

B = 0 (7)
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→

J = σl (−∇φ + [
→

U ×
→

B]) (8)

where
→

B is magnetic field induction, μo—magnetic constant, σl—electrical conductivity of liquid, and
→

U—velocity.

∇.
→

U = 0 (9)

∂
→

U
∂t
+ (
→

U .∇)
→

U = − 1
ρl
∇p + υl∇2→U +

→

K (10)

where p—Pressure, ϑl —kinematic viscosity,
→

K—Sum of volume forces,
→

K f r ic = N (Δ
→

U lg) /ρl—Friction

force,
→

KLor = (
→

J ×
→

B) /ρl—Lorentz force,
→

J —Current density, and
→

K g—Drag force.

Table 2: Boundary conditions for MHD simulation.

Mixer Unit
Inlet: the nanofluid and air superficial velocities of 17.78 and 37.3 cm/s, respectively.
Outlet: Pressure outlet with backflow Tamb.
Walls: No-slip; interfaces coupled for conjugate heat transfer
External edges: (a) Top cover, convection to ambient, plus radiation. (b) Back and sides: adiabatic if well insulated.

Magnetic intensity 1000–4000 gauss
Fe3O4 volume concentrations 0.5%

4 Results and Discussion

4.1 Experimental Results
Distinct contrasts in air-bubble forms within nanofluid flow were observed via optical analysis. These

contrasts were caused by changes in surface gas and liquid velocities and by an increase in magnetic field
intensity, as observed experimentally. When the bubbles’ form factor (SF) approached 1.0, it indicated shape
stabilization; a circular bubble shape corresponded to this value. On the other hand, an extended elliptical
form was suggested by an SF close to zero.

For each test, the imaging procedure recorded at least 700 bubbles. Fig. 7 shows representative air-
bubble samples in nanofluid flow. As shown in the figure, the shape factor proved to be a valid metric for
assessing how the magnetic field strength affected the bubble’s shape stability and deformation behavior.

Figure 7: Samples of bubbles under test.

Fig. 8 shows how the bubble form factor changes as magnetic strength increases at surface velocities of
17.78 cm/s for liquids and 37.3 cm/s for gases. For magnetic intensities of 1000, 2000, 3000, and 4000 gauss,
respectively, the bubble form factor showed larger ranges within (0.6–0.93), (0.54–0.83), (0.42–0.72), and
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(0.36–0.62). According to the results, the elongation of bubbles in nanofluid flow under a magnetic field
reduces the bubble form factor with increasing magnetic field intensity.

Figure 8: Shape factor values and the effect of magnetic field intensity.

Concurrently, an increase in bubble size is correlated with a decrease in the bubble form factor. The
transition of elliptical bubbles to a circular shape during nanofluid flow is slowed by the increased magnetic
field, which encourages bubble growth.

As air was injected through a nozzle into a horizontally moving nanofluid channel, air bubbles were
observed. Tests were conducted on bubble production from a 0.15 mm-diameter nozzle in nanofluid flow.
There were two steps to the bubble expansion from a nozzle edge.

The first stage, when air injects through the nozzle, the air bubble began to growth, with the smaller
air bubble size, the buoyancy force is starting to effect on a bubble structure as illustrates in Fig. 9a, this
effect is different of what is occurring in the vertical flow, where the buoyancy affect is almost low comparing
with a surface tension [39,40]. The bubble appearance at this stage indicated an ellipse, and its major axis
was vertical. The second stage is called the bubble elongation stage, so the bubble body is still forming and
remains connected to the tip nozzle, where buoyancy increases with bubble size. Moreover, the lift force
increases, thereby promoting the buoyant force effect. Fig. 9b shows how the effect of the nanofluid flow
causes the primary axis of the elliptical bubble to derail from the vertical axis by generating friction drag and
then withdrawing the bubble in the direction of the nanofluid flow [40,41]. Consequently, the bubble will
detach from the nozzle tip as this effect progressively develops. Fig. 9c shows the effects that were influenced
by the magnetic force and that transpired throughout the bubble expansion. In general, this variation was
seen in the rates of bubble formation and the magnetic force produced as the field intensity increased up
to 4000 gauss. In the nanofluid phase, the magnetic effect can create a hydrostatic stream in the gas phase,
which then begins to affect the orientation of the air bubbles and returns the main axis to the vertical. The
bubble elongates towards the major axis during growth to full bubble size, while the liquid/gas interphase is
subject to resistance along the minor axis.
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Fig. 10 presents a sequence of images showing the formation of successive bubbles under a magnetic
intensity of 4000 gauss, where n denotes the order of the air bubbles. The formation process was observed
under the influence of the magnetic force, with four consecutive bubbles generated from a 0.15 mm nozzle
in nanofluid flow at liquid and gas superficial velocities of 17.78 and 37.3 cm/s, respectively. The experiment
was conducted at a magnetic field intensity of 4000 gauss, with no pre-existing bubbles in the system. Table 3
outlines the sequential growth of the four bubbles.

Figure 9: All forces affecting during the bubble growth: (a) during starting formation, (b) before separating from a
nozzle tip, (c) with the effect of a magnetic force.

Figure 10: Sequence images of forming four successive bubbles with effective magnetic intensity at 4000 gauss.

Table 3: Successive cases to grow four bubbles consecutively, where n is the order of the bubble.

Image No. Bubble Order Growth Time Remarked
Image (a) n1 35 ms The growth of bubble n1 is completed.

Image (b) n1, n2 39 ms

Bubble n2 in the growth process, because of the
bubble place n1, a magnetic force, and the
shallow production of an adequate force

between n1 and n2.

(Continued)
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Table 3 (continued)

Image No. Bubble Order Growth Time Remarked

Image (c) (n1–n2) 41 ms
Bubbles n1 and n2 merge to train the bubble
(n1–n2), the force of the gas pressure for the

magnetic force to prevent the movement of n1.

Image (d) (n1–n2), n3 46 ms
As bubble n3 begins to form, the adhesion force

between (n1–n2) and n3 is generated, which
causes the main deformation of bubble n3.

Image (e) (n1–n2), n3 49 ms
The adhesion force between (n1–n2) and n3 is

increased by the bubble n3 continuing to
develop.

Image (f) (n1–n2), n3 53 ms The growth of bubbles (n1–n2) and n3 is
completed.

Image (g) (n1–n2), n3, and n4 56 ms Bubble n4 is starting to form.

Image (h) (n1–n2), n3, and n4 61 ms The continuation of a bubble n4 to grow.

Image (i) (n1–n2), n3, and n4 64 ms The growth of bubbles (n1–n2), n3, and n4 is
completed.

In the final stage, one of the bubbles (n1–n2) was notably larger than the others, exhibiting a diameter
greater than those formed in earlier stages, as illustrated in image (e). This behavior suggests bubble
coalescence. The analysis focused on evaluating the impact of magnetic field intensity on the likelihood of
coalescence during the formation of successive bubbles.

Following the observation of coalescence between two bubbles and the subsequent increase in the
diameter of the bubble (n1–n2), similar data were collected for the formation of successive bubbles under
magnetic field intensities up to 4000 gauss. The results indicated that the increase in bubble diameter due
to coalescence ranged from 1.2% to 5.5% relative to the original merged bubble diameter. A MATLAB-
based image processing algorithm was developed to analyze the growth of successive bubbles at 1000 frames
per second, enabling precise measurements of bubble diameters. Fig. 11 illustrates the frequency of bubble
diameters over a period of 1060 ms under varying magnetic field intensities: (a) B = 0, (b) B = 1000 gauss, (c)
B = 2000 gauss, and (d) B = 4000 gauss. The results revealed that the frequency of larger bubbles resulting
from coalescence increased with increasing magnetic field intensity. So, it can be considered that the increase
in the magnetic force, caused by the deceleration of the process of bubble growth, is also the same as that
caused by the increase in bubble coalescence.

4.2 Numerical Results
To understand the effects of different forces, a numerical simulation was conducted for three cases. In

the first case, the 3D simulations were carried out with friction and drag forces included, while the magnetic
force was neglected (B = 0). The predicted volume fraction profile showed a peak at the top of the pipe,
where air bubbles tend to migrate toward the upper wall. Fig. 12 shows contours of gas volume fraction in
the nanofluid flow at B = 0 and during different times: (a) 33 ms, (b) 76 ms, (c) 128 ms, (d) 176 ms.
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The simulations were carried out under a magnetic field of B = 1000 gauss. A significant change in
behavior was observed in the results: the bubbles tended to migrate upward along the wall, but at B = 1000
gauss, the air bubbles increased in size and expanded vertically in the direction of the continuous-phase flow.
Finally, when the magnetic force was increased (i.e., B = 2000 gauss), the air volume fraction profile showed
an acceleration of this mechanism, with behavior similar to the vertical elongation of the bubble in the liquid
flow, as shown in Fig. 13. These results show good agreement with the experimental and numerical data of
Hu et al. [35] for the effect of magnetic force in vertical bubbly flow, and with the data of Abdul-Wahhab
et al. [41] on hydrogen bubbles.
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Figure 11: A magnetic field’s effect on bubble diameter with time: (a) B = 0, (b) B = 1000 gauss, (c) B = 2000 gauss, and
(d) B = 4000 gauss.
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Figure 12: Contours of air volume fraction to bubbly flow at B = 0 and during different times.

Figure 13: Contours of air volume fraction in nano fluid flow at B = 1000 and 2000 gauss.

4.3 Validation of Numerical and Experimental Results
To validate the numerical model, the predicted bubble dynamics were compared with experimental

observations from the high-speed imaging system at different magnetic field intensities. The comparison
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demonstrated that the numerical simulations successfully reproduced the main experimental trends, includ-
ing bubble elongation, bubble size increase, upward migration, and the magnetic field’s influence on bubble
orientation and deformation.

The experimental results showed that increasing the magnetic field intensity reduced the bubble
shape factor and promoted vertical elongation and coalescence. Similar behavior was observed in the
numerical predictions, where the gas volume fraction contours indicated progressive bubble stretching
and enlargement as the magnetic intensity increased from 0 to 2000 gauss. In particular, the numerical
model accurately captured the migration of bubbles toward the upper wall at B = 0 and the transition to
vertically elongated bubble structures under magnetic-field conditions. Furthermore, the predicted increase
in bubble size and the tendency of bubbles to align with the direction of the magnetic force were consistent
with the experimental visualization results shown in Figs. 8–11. The numerical simulations also reproduced
the experimentally observed delayed bubble detachment and enhanced coalescence at higher magnetic
field strengths.

The validation was carried out by comparing the numerical and experimental results for the bubble
velocity components of a liquid superficial velocity of 30.6 cm/sec, as shown in Fig. 14. The results show
agreement between the numerical and experimental results for the average axial (Ubz) and vertical (Uby)
components of bubble velocity, with mean percentage differences of 10.4% and 15.6%, respectively. Fig. 15
shows the comparison results for the average axial velocity of a bubble with an applied magnetic field intensity
of 2000 gauss. The mean percentage of differences between them is 12.4%.

Figure 14: Validation of average axial and vertical components of bubble velocity at magnetic field intensity (B = 0).
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Figure 15: Validation of the average axial component of bubble velocity at magnetic field intensity (B = 2000 gauss).

Overall, the agreement between experimental measurements and numerical predictions was considered
satisfactory, with the simulations reproducing the dominant hydrodynamic and magnetohydrodynamic
characteristics of the bubbly nanofluid flow. Minor differences between predicted and measured bubble
shapes and diameters may be attributed to limitations in turbulence modeling, interface-tracking resolution,
and uncertainties in experimental image-processing measurements.

5 Conclusions
Studying magnetohydrodynamics and its impact on bubbly flows, particularly in nanofluids for indus-

trial applications, is important. The current study aims to clarify, using an experimental approach, the extent
to which bubbly flow is affected by the magnetic field. An optical monitoring technique is used to investigate
the influence of magnetic forces on the growth and formation of air bubbles in horizontal bubbly flow. The
main conclusions that have been achieved and drawn are summarized as follows:

∎ The magnetic field affects the continuous nanofluid phase and therefore influences the gas phase, and
the bubbles’ features, such as bubble growth process, shape, size, trajectory, and formation velocity.
The results showed that, at a magnetic field of up to 4000 gauss and a nanofluid superficial velocity
of 17.78 cm/s, the magnetic force had the greatest effect due to the increased electrical conductivity of
the nanofluids.

∎ By applying the magnetic field, up to 4000 gauss on the bubbly nanofluid flow, the diameter of air bubbles
formed at the nozzle tip is increased. Results show that the air bubble diameter is increased by 14.0%.

∎ Also, with the application of a magnetic field, the bubble is delayed in formation, which leads to increased
collision and merging of bubbles.

∎ The magnetic field makes the bubble turbulent and unstable, especially after it separates from the nozzle
tip, which appears in its shape and path of movement. While the shape factor of bubbles decreases
with increasing magnetic field intensity. This effect is confirmed by the elongation of bubbles within the
nanofluid flow.

∎ The results show agreement between the numerical and experimental results for the average axial
and vertical components of bubble velocity, with mean percentage differences of 10.4% and 15.6%,
respectively.

As future research, intensify consideration of analytical studies to increase understanding of magneto-
hydrodynamics by analyzing the mechanisms through which the flow of multi-phase nanofluids can be
controlled, and by assessing the extent of the relationship between the multi-phase frictional drag coefficient
and the magnetic field intensity. Finally, future investigations should consider three-dimensional numerical
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modeling for different Reynolds and Hartmann number ranges to improve the prediction accuracy of bubbly
nanofluid behavior.
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