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Abstract

The presence of bubbles severely threatens the insulation safety of power transformers.
Understanding bubble accumulation characteristics is essential for predicting potential
insulation weaknesses. In this study, we propose a Euler–Lagrange two-phase flow model,
combined with an experimental platform, to investigate the accumulation and growth
characteristics of bubbles in typical oil channels. The continuous phase flow field is solved
within the Eulerian framework, while discrete bubble trajectories are tracked using the
Lagrangian approach, simultaneously accounting for drag, buoyancy, and friction forces.
The results indicate that bubbles primarily accumulate on the top insulating paper sur-
faces within horizontal and corner oil channels. In horizontal channels, the accumulation
rate correlates positively with flow velocity and bubble concentration; furthermore, paper
overlapping gaps intercept sliding bubbles, promoting their coalescence into larger ones.
Conversely, at channel corners, the accumulation length and rate decrease as flow velocity
increases, with accumulation weakening significantly when the velocity exceeds 0.6 m/s.
Additionally, bubble growth is highly sensitive to flow velocity and temperature: higher
velocities inhibit bubble coalescence, whereas elevated temperatures accelerate both coales-
cence and growth. Ultimately, this research reveals the fundamental accumulation laws
of bubbles in transformer oil channels, providing a reliable analytical tool and theoretical
reference for assessing bubble-induced insulation risks.

Keywords: oil paper insulation; accumulation of bubbles; oil immersed transformer; two-
phase flow; fluid mechanics

1. Introduction
Power transformers are critical components that determine the stability and power

supply quality of power grids [1–3]. Bubbles generated in transformer oil due to factors such
as multiple physical fields, moisture, aging, and partial discharge represent a critical threat
leading to insulation failure [4–7]. Specifically, extensive investigations reported in the
Chinese literature have elucidated these fundamental mechanisms. For instance, Gao et al.
found that under the coupled effects of moisture and high temperature, bubbles hundreds
of micrometers in size can nucleate from the oil-impregnated paper surface [4]. These
bubbles may either detach and migrate within the oil or form accumulations in horizontal
structures. Regarding bubble dynamics under electrical stress, Zhang et al. experimentally
observed that bubbles in a uniform electric field undergo periodic elongation along the

Appl. Sci. 2026, 16, 7198 https://doi.org/10.3390/app16147198

https://crossmark.crossref.org/dialog?doi=10.3390/app16147198&domain=pdf&date_stamp=2026-07-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0000-1622-9182
https://orcid.org/0000-0003-1888-2606
https://doi.org/10.3390/app16147198


Appl. Sci. 2026, 16, 7198 2 of 19

field direction as they rise vertically, with the deformation degree positively correlated
with the electric field strength [5]. In contrast, in a non-uniform electric field, bubbles tend
to migrate towards regions of weaker field strength, gradually deviating further from the
high-voltage electrode as the voltage increases. Furthermore, based on the principle of
virtual work, Cai et al. derived analytical expressions for the electric field force acting on
bubbles. Their simulations revealed that non-uniform electric fields significantly increase
the retention time of bubbles between electrodes, thereby elevating the probability of
forming hazardous continuous “bubble bridges” along the motion paths [7]. As bubbles
migrate, accumulate, and grow in size along with the oil flow, the risk of failure escalates
significantly. Consequently, investigating the accumulation characteristics of bubbles in oil
is of great significance for enhancing the insulation performance of the equipment.

Under the influence of multi-physical fields, bubbles are subjected to a combination
of buoyancy, flow field drag forces, and interfacial forces, undergoing complex processes
of deformation, migration, and coalescence [8]. The core of this dynamic behavior is
the drag force, which is composed of viscous drag and pressure drag, and its dominant
mechanism varies with different flow regimes [8,9]. Existing studies have established
empirical formulas for the drag coefficient of spherical bubbles under various flow regimes,
laying a solid foundation for quantitative analysis [10–13].

Initially, bubbles evolving from the insulating paper surface are only hundreds of
micrometers in size [14], posing a limited individual threat. However, once they coalesce
into millimeter-scale bubbles, they exacerbate electric field distortion and trigger catas-
trophic consequences. In the typical low-velocity (<0.2 m/s) laminar flow environment
of transformers, the probability of random bubble collisions in the bulk oil is extremely
low. Therefore, coalescence primarily occurs exclusively at specific structural accumula-
tion sites (such as corner stagnation zones and paper overlapping gaps), where migrating
bubbles are trapped and forced into tight interfacial contact, forming stable swarms that
undergo continuous coalescence [15]. Research indicates that the paper surface releases
gas under the coupled effects of high temperature and moisture [14,16]. These bubbles
can detach from the paper, migrate within the oil, and are prone to accumulate and grow
on horizontal oil channel structures or the surfaces of winding static rings [17,18]. Thus,
accurately predicting bubble accumulation characteristics in typical oil channel structures
is a prerequisite for assessing insulation hazards.

To address this issue, existing numerical methods based on phase interface track-
ing, such as the classic Volume of Fluid (VOF) method [19] and the level-set method [20],
can finely depict bubble interface deformation and contact; however, these microscopic
simulations harbor uncertainties and entail prohibitive computational costs [21–23]. Con-
versely, some studies simplify bubbles as discrete particles to solve their trajectories within
a macroscopic grid. While this approach is more efficient, it relies heavily on the accuracy
of interfacial force modeling, and models tailored to specific accumulation sites remain
imperfect [18].

To this end, guided by foundational multiphase flow theories [24] and recent ad-
vancements in Eulerian-Lagrangian computational methods published in Applied Sci-
ences [25,26], this study proposes a two-phase flow model for bubble migration based on
the Euler-Lagrange framework, balancing computational efficiency and accuracy at the
engineering scale. This model discretely tracks bubbles within a macroscopic flow field
while simultaneously accounting for the effects of drag, buoyancy, and wall friction forces.
Furthermore, an experimental platform was constructed. By comparing the simulation and
experimental results, this study reveals the bubble accumulation sites and growth laws
under various operating conditions. This not only verifies the effectiveness of the proposed
model but also provides a novel tool for assessing insulation risks.
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2. Materials and Methods
2.1. Numerical Modeling

Analyzing bubble migration and accumulation requires solving the gas–liquid
two-phase flow motion. According to fluid dynamics theory, the Euler–Lagrange
framework [24,27] is suitable for conditions where the volume fraction of the discrete
bubble phase is less than 10–12%. This framework captures comprehensive information
on bubble motion and accurately calculates the complex force interactions between the
bubbles and the oil–paper insulation.

2.1.1. Governing Equations for the Continuous Phase

In the Euler–Lagrange framework, the two-phase flow is categorized into continu-
ous and discrete phases based on their relative concentrations. The continuous phase is
described using the Eulerian system, where the spatial distribution of fluid properties is
solved through continuity, momentum, and energy conservation equations.

Assuming the liquid phase is incompressible, its motion satisfies the continuity
equation:

∂ρl
∂t

+∇ · (ρlu) = 0 (1)

where ρl is the density of the liquid phase and u is the liquid velocity vector.
Under operating pressures, the compressibility of insulating oil is negligible. The

momentum conservation equation is governed by the Navier–Stokes equations for incom-
pressible fluids:

ρl(
∂u
∂t

+ (u · ∇)u) = −∇p +∇ · µl(∇u +∇uT) + ρlg − Fex (2)

where µl is the dynamic viscosity, p is the pressure, and g is the gravitational acceleration.
The four terms on the right side of Equation (2) represent the pressure gradient force,

viscous force, gravity, and the discrete phase interaction force, respectively. The interaction
force Fex denotes the feedback force exerted by the bubbles on the oil flow, calculated as
the sum of forces exerted by all discrete bubbles within a unit volume:

Fex = − 1
Vcell

∑
3FD

4πR3ρg
∆mg∆t (3)

where Vcell is the volume of the Eulerian computational cell, FD is the drag force on the
bubbles, ∆mg is the mass flow rate of the discrete phase, and ∆t is the discrete phase
time step.

In this study, the two-way coupling momentum exchange (Equation (3)) is updated
at every continuous phase time step. Although the global bubble volume fraction is low
(e.g., 0.1%), continuous accumulation at specific structural sites leads to a significantly
elevated local discrete phase concentration. Retaining the full two-way coupling ensures
physical fidelity in capturing the localized feedback effects of dense bubble swarms on the
surrounding flow field.

Heat transfer within the fluid follows the energy conservation equation:

ρlCp
∂T
∂t

+ ρlCpu · ∇T = ∇ · (k∇T) + Q (4)

where Cp is the specific heat capacity, k is the thermal conductivity, T is the temperature,
and Q is the volumetric heat source.

The continuous phase motion is solved using the Finite Volume Method (FVM). The
computational domain is partitioned into a series of non-overlapping control volumes,
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each represented by a node. Equations (1), (2) and (4) are discretized within these control
volumes to obtain the flow field parameters.

A grid independence study was conducted to eliminate mesh-induced errors. Testing
a baseline mesh of 268,945 nodes against a doubled-density mesh showed negligible
variations in the computed flow and temperature fields. Thus, the 268,945-node mesh was
adopted to balance computational efficiency and solving accuracy.

2.1.2. Governing Equations for the Discrete Phase

The discrete phase is described using the Lagrangian system, which tracks the motion
of individual bubbles based on Newtonian dynamics. Phase interactions are incorporated
via momentum and energy exchange terms in the continuous phase equations and via force
balances in the discrete phase equations.

The migration of each bubble within the flow field is solved using Newton’s
second law:

4
3
πR3ρg

dub
dt

= FB + FD + FF (5)

where R is the bubble radius, ρg is the gas density, and ub is the bubble migration velocity.
The three terms on the right side of Equation (5) represent the forces acting on the

bubble: buoyancy FB, drag force FD between the bubble and oil, and friction FF between the
bubble and the paper surface. Due to the density difference between the gas and insulating
oil, the buoyancy is calculated as:

FB =
4
3
πR3(ρ1 − ρg)g (6)

The drag force FD, exerted by the continuous phase, acts in the direction opposite to
the relative motion between the bubble and the oil:

FD = −CDRe
π

4
µlR · uslip (7)

The drag coefficient CD is determined using the Schiller–Naumann model [10]:

CD =

{
24/Re(1 + 0.15Re0.687), Re ≤ 1000
0.44 , Re > 1000

(8)

where Re is the bubble Reynolds number (Re = 2ρluslipR/µ1), representing the ratio of
inertial forces to viscous forces. uslip represents the relative motion speed between the
bubble and the oil.

It should be noted that the Schiller–Naumann model is derived for spherical particles.
Based on our experimental observations, severe interface deformation of bubbles in the
transformer oil occurs only when the bubble radius exceeds 1.25 mm. For the micro-
bubbles investigated in this study (radius up to 500 µm), the surface tension of the oil
dominates over the localized hydrodynamic forces, maintaining the bubbles in a stable,
nearly spherical shape. Therefore, the application of this drag model is accurate and
appropriate within our investigated size range.

When a bubble contacts the insulating paper, it experiences a friction force FF acting
opposite to its motion:

FF = −k
√

Bo⊥ · R · σ · Ca2/3ub/|ub| (9)

where k is the empirical friction coefficient. Through analysis of the bubble migration
data recorded in our experimental platform under stable contact conditions with the
insulating paper, the value of k is determined to be 12.16, with a high goodness of fit

https://doi.org/10.3390/app16147198

https://doi.org/10.3390/app16147198


Appl. Sci. 2026, 16, 7198 5 of 19

(R2 = 96.99%). Additionally, σ is the surface tension coefficient, Bo⊥ is the normal Bond
number (Bo⊥ = 4ρlg⊥R2/σ), and Ca is the Capillary number (Ca = uslipµl/σ). These
dimensionless numbers quantify the contact pressure and the ratio of viscous forces to
surface tension, respectively.

The migration trajectory is obtained by integrating Equation (5) over discrete time
steps, providing the motion parameters of each bubble along its entire path.

It should be emphasized that the formulations for these micro-mechanical forces (buoy-
ancy, drag, and friction) depend exclusively on local fluid dynamics and the interfacial
characteristics of the insulating material. Because the Eulerian framework dynamically
computes the local flow field across different structural scales, these force parameters do
not require recalibration when the model is applied to transformers of different capacities
and macroscopic geometries. This inherent scale independence ensures the broad general-
izability of the proposed Euler-Lagrange model in practical engineering applications.

2.1.3. Spatial Distribution Statistics of Discrete Phase Parameters

A large number of discrete phase bubbles exist in the oil-paper insulation. By solving
the migration process of each bubble using Equation (5), the spatial position and velocity
parameters of each bubble are obtained within the Lagrangian framework. By conducting
statistical analysis on the discrete phase parameters within the control surfaces and control
volumes, the spatial distributions of parameters such as bubble concentration and average
bubble size in the Eulerian framework are acquired.

For a two-phase flow inlet with a bubble concentration of cg, given the continuous
phase flow rate V0, the inlet gas flow rate can be determined as Vg = cg/(1 − cg)V0. Under
the Eulerian framework, the computational grid divides the inlet plane with an area of
S into several control surfaces. Assuming the discrete phase bubble flow is uniformly
distributed across the inlet plane, the discrete phase bubble flow rate entering a specific
control surface with an area of ∆S can be calculated as ∆V = Vg · ∆S/S.

The discrete phase bubbles are injected from the control surfaces of the inlet plane
in the form of multiple bubble parcels. A bubble parcel consists of a specific flow rate of
single-sized bubbles injected from a single control surface. If the bubble radius follows a
distribution function f (R), the radius distribution range is divided into N intervals. For the
ith interval, the bubble radius is Ri, the relative concentration is f (Ri), and the corresponding
flow rate is determined accordingly. Each control surface injects N bubble parcels of varying
radii, and the sum of the flow rates of all parcels equals the total bubble flow rate for that
specific control surface.

Under the Eulerian framework, the computational domain is divided into numerous
control volumes, and multiple bubble parcels may pass through a single control volume.
If M bubble parcels pass through a control volume within a given time step, the discrete
phase parameters in this control volume during that time step are calculated as the mean
values of the parameters of these M parcels, as expressed in Equation (10):

ϕ =
M

∑
i=1

ϕitini/
M

∑
i=1

tini (10)

where ϕ is the mean value of the discrete phase parameters within the control volume; ϕi

is the discrete phase parameter of the ith bubble parcel; ti is the residence time of the ith
bubble parcel within the control volume; and ni is the number of bubbles contained in the
ith bubble parcel. Using Equation (10) to perform statistical analysis on the discrete phase
parameters in each control volume yields the spatial distribution of the discrete phase
parameters mapped onto the Eulerian framework.
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In the simulation model, the oil channel inlet comprises 100 control surfaces. Into
each control surface, 20 bubble parcels of different sizes are injected. The flow rate of each
bubble parcel is determined based on the area of its corresponding control surface and the
bubble size distribution function f (Ri). In this study, f (Ri) follows a log-normal distribution,
expressed as ln(R) ∼ N(µ,σ2). Based on our experimental curve fitting, for bubbles with
an average radius of 20 µm, the distribution parameters are µ = 2.8763,σ = 0.2614; for
bubbles with an average radius of 188 µm, the parameters are µ = 4.8195,σ = 0.2813. The
simulation time step is set to 1 s, with a total simulation duration of 60 s. At each time
step, 2000 bubble parcels are injected. Over the entire simulation process, the migration
trajectories of 120,000 bubble parcels are tracked, and the bubble parameters within the
computational grid are statistically recorded at each moment.

2.2. Experimental Setup

To investigate the migration and accumulation behavior of bubbles within the oil-
paper insulation system, an experimental platform with adjustable parameters (channel
geometry, flow velocity, temperature, and bubble concentration) was constructed. As
shown in Figure 1, the system consists of a typical oil channel experimental chamber,
an oil flow loop, a bubble introduction module, a temperature control module, and an
observation module.

Figure 1. Schematic of the typical oil channel bubble accumulation experimental platform.

The typical oil channel experimental chamber is a rectangular transparent acrylic
structure measuring 300 mm in length with a cross-section of 30 × 60 mm. The inner
walls are lined with insulating pressboard (specifically, the actual insulation material corre-
sponding to the ODFPS-700000/750 model transformer (Xi’an XD Transformer Co., Ltd.,
Xi’an, China)). It should be noted that while this industrial-grade material is highly repre-
sentative, the macroscopic surface roughness and porosity of pressboards from different
transformer models or manufacturers may vary slightly due to diverse manufacturing and
pressing processes. Such variances would primarily affect the empirical friction coefficient
in real-world scenarios. By adjusting the thickness of the electrodes and spacer blocks, the
width of the oil channel can be flexibly varied within the range of 6 to 30 mm.

The fluid loop is a closed circuit formed by connecting an oil storage tank, an oil
pump, a flow meter, an aeration chamber, and the experimental chamber in series. The
storage tank integrates a closed-loop temperature control system to maintain a constant
oil temperature. It features a “top-inlet, bottom-outlet” design and a large buffer volume
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to ensure that returning bubbles naturally escape, thereby guaranteeing the purity of the
pumped oil flow. Furthermore, the oil level in the tank is consistently maintained at the
maximum to prevent air intake. The experimental oil pump is regulated via pulse-width
modulation (PWM), providing a flow rate coverage of 0 to 25 L/min. This corresponds to
an oil channel flow velocity of 0 to 0.3 m/s, which perfectly aligns with the actual operating
conditions of power transformers. A flow meter is incorporated for real-time monitoring to
ensure a constant and stable flow rate.

Micro-bubbles are introduced using an aeration method. After being regulated by a
gas flow meter, the gas flow passes through an alumina microporous ceramic disc (20 mm
in diameter and 2 mm in thickness) located at the bottom of the aeration chamber, where
it is sheared by the high-speed oil flow to form bubble swarms. The size distribution
of the introduced bubbles is predominantly determined by the pore size of the alumina
microporous ceramic disc, while the oil and gas flow rates have a negligible effect on this
distribution. Therefore, two pore size specifications (0.1 µm and 0.3 µm) are utilized in the
experiment to obtain bubbles with different log-normal size distributions (average radii
of 20 µm and 188 µm, respectively). The camera recording system comprises a parallel
LED light source and a high-resolution camera (Nikon D810, Nikon Corporation, Tokyo,
Japan) operating at a resolution of 3840 × 2160 pixels and a frame rate of 60 fps. Videos
of the bubble accumulation process are captured during the experiment. To process the
bubble images, we employed a MATLAB R2023a (The MathWorks, Inc., Natick, MA, USA)
bubble recognition script built upon a robust, state-of-the-art ellipse detection algorithm
based on arc-support line segments [28]. The high localization accuracy of this algorithm
has been rigorously validated in previous literature, thereby ensuring reliable extraction of
bubble feature parameters (such as size and position with low uncertainty) and effectively
eliminating manual measurement errors. This automated image processing approach
ensures the extraction of accurate bubble feature parameters and effectively eliminates
manual measurement errors.

3. Results and Discussion
The geometry of transformer oil channels and the flow field distribution dictate

that bubbles are prone to accumulate on the top paper surfaces of horizontal channels
and corner channels. Combining experimental and simulation approaches, this section
analyzes the accumulation rates and growth characteristics of bubbles at these two typical
accumulation sites.

A comprehensive sensitivity analysis was conducted to quantify the influence of key
model parameters. The tests revealed that the accumulation calculation is insensitive to
minor fluctuations in the empirical friction coefficient k, ensuring the robustness of the
predictions. Conversely, the model is highly sensitive to the choice of the drag coefficient
model. To determine the most appropriate formulation, the steady-state rising velocities
of bubbles in oil were calculated using three drag models—Schiller–Naumann, Ma &
Ahmadi, and Mei, whose mathematical expressions are summarized in Table 1—and were
subsequently compared with experimental measurements (as shown in Figure 2) [10–12].
Because the small-sized micro-bubbles in the oil experience negligible deformation and
remain approximately spherical, their actual steady-state rising velocities exhibited the
highest degree of agreement with the calculations derived from the Schiller–Naumann
model. Consequently, the Schiller–Naumann model was conclusively selected to accurately
describe the drag force on the spherical bubbles in the oil.
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Table 1. Summary of the drag coefficient models used for comparison.

Drag Coefficient Model Expression

Schiller & Nauman (1935) [10] CD =

{
24/Re(1 + 0.15Re0.687), Re ≤ 1000
0.44 , Re > 1000

Ma & Ahmadi (1990) [11] CD = 24
Re (1 + 0.1Re0.75)

Mei (1994) [12] CD = 24
Re

{
2
3 +

[
12
Re + 0.75

(
1 + 3.315√

Re

)]−1
}

Figure 2. Comparison of the steady-state rising velocities of micro-bubbles calculated by different
drag coefficient models and experimental measurements [10–12]. Operating conditions: insulating
oil at 25 ◦C.

3.1. Accumulation Rate on the Top Paper of Horizontal Channels

As bubbles migrate through horizontal oil channels, they rise to the top insulating
paper surface and slide slowly. Because their sliding velocity is significantly lower than
their horizontal migration velocity, bubbles readily accumulate on this top surface. Using
the two-phase flow simulation, the gas flow rate at various cross-sections of the oil channel
was statistically analyzed. It is important to note that both in the experimental setup and the
numerical model, the insulating oil is considered fully saturated, meaning gas dissolution
into the liquid phase is negligible during the short migration period. Furthermore, the
channel is completely sealed, ensuring no gas escapes. Therefore, based on the principle
of mass conservation, the bubble accumulation rate on the top paper from the inlet to any
horizontal position can be accurately determined by calculating the difference between the
gas flow rate at the inlet and that at the respective horizontal cross-section.

Figure 3 illustrates the results under a bubble content of 0.1% and a flow velocity of
0.2 m/s. The data indicate that larger bubbles exhibit a faster rising velocity and a shorter
horizontal migration distance, thereby resulting in a larger accumulated volume per unit
time. Notably, the accumulation rate of bubbles with an average radius of 188 µm on the
top paper of the horizontal channel is significantly higher than that of bubbles with an
average radius of 20 µm.

For bubbles of a specific size, the accumulation rate on the top surface increases with
the horizontal distance. When this distance exceeds 150 mm, the accumulation rate exhibits
linear growth, indicating that the accumulation rate per unit area reaches a stable state. By
evaluating the bubble accumulation rate and the corresponding top paper area within the
horizontal distance range of 150 mm to 250 mm in the experimental chamber, the bubble
accumulation rate per unit area was calculated to be 1.3592 × 10−5 m/s. Physically, this
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parameter represents the volume of gas accumulating per unit time per unit area of the
top paper (m3/s per m2). It essentially quantifies the growth velocity of the equivalent
thickness of the accumulated bubble layer.

Figure 3. Simulated accumulation rate of bubbles at the top paper of the horizontal oil channel.
Operating conditions: flow velocity of 0.2 m/s and discrete phase bubble content of 0.1%.

Flow velocity and bubble content are critical parameters influencing the bubble accu-
mulation rate on the top paper surface of horizontal oil channels. The calculated results
under various operating conditions are illustrated in Figures 4 and 5. Because the cross-
sectional gas flow rate is directly proportional to both the flow velocity and the bubble
content, the accumulation rate per unit area on the top surface follows the same propor-
tionality. In other words, higher flow velocities and greater bubble contents lead to a
correspondingly larger accumulation rate.

3.2. Accumulation Rate on the Top Paper of Corner Channels

The low-velocity region at the top of the channel corner causes bubbles to stagnate
upon contacting the paper surface, leading to stable accumulation. Setting the bubble
content at 0.1% and the average bubble radius at 188 µm, the bubble accumulation process
under various flow velocities was experimentally observed. The average length of the stable
accumulation sites was measured, with the mean value derived from ten repeated trials.

Figure 4. Simulated accumulation rate of bubbles at the top paper of the horizontal oil channel under
different flow velocities. Operating conditions: varying flow velocities (0.05–0.30 m/s) with a fixed
bubble content of 0.1%.
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Figure 5. Simulated accumulation rate of bubbles at the top paper of the horizontal oil channel under
different bubble contents. Operating conditions: varying bubble contents (0.1–0.4%) with a fixed flow
velocity of 0.2 m/s.

Figure 6 illustrates the results across flow velocities ranging from 0.1 to 0.8 m/s. When
the flow velocity is less than 0.6 m/s, the accumulation length decreases by approximately
1 mm with increasing velocity, primarily due to the shrinkage of the low-velocity region.
However, when the flow velocity exceeds 0.6 m/s, the number of bubbles entering this
region drops sharply, causing a significant reduction in the accumulation length. At
0.75 m/s, the accumulation is reduced to a single row of bubbles. If the flow velocity is
further increased, all bubbles will be swept into the horizontal channel, and accumulation
at the corner will cease completely. This drastic decrease in bubble accumulation beyond
the critical threshold of 0.6 m/s can be mechanistically explained by the competition
between local fluid shear forces and stagnation retention forces. The corner geometry
inherently creates a localized flow separation and stagnation zone, into which bubbles
naturally migrate via buoyancy. However, as the bulk flow velocity exceeds 0.6 m/s,
two critical hydrodynamic shifts occur. First, the high local Reynolds number forces the
main flow streamlines closer to the corner apex, drastically shrinking the physical volume
of the low-velocity stagnation region. Second, the localized fluid shear stress acting on
the insulating paper surface increases significantly. Consequently, the local shear-induced
drag force exerted on a stagnated bubble completely overwhelms the combined retention
forces—namely, the buoyancy pushing against the top wall and the resulting static friction.
As a result, bubbles are physically stripped from the paper surface and swept downstream
by the bulk flow before they can establish stable contact or accumulate.

It should be noted that due to the pump capacity limits of the current experimental
loop, robust optical observations were restricted to flow velocities up to 0.3 m/s. Conse-
quently, the behaviors in the high-velocity regime (from 0.3 m/s to 0.8 m/s)—particularly
the sharp decrease in corner accumulation when the velocity exceeds 0.6 m/s—are the-
oretically predicted by the validated Euler-Lagrange model based on local shear stress
mechanisms. While these model-driven predictions provide critical physical thresholds
for engineering design, future experimental validation utilizing a high-speed flow loop is
warranted to further corroborate these findings.

The simulated accumulation rates at the corner top under various operating conditions
are presented in Figures 7 and 8. Figure 7 indicates that the difference in accumulation rates
between 0.1 m/s and 0.3 m/s is marginal. Because larger bubbles possess greater inertia
and buoyancy, they more readily enter the low-velocity region, leading to a significant
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increase in the accumulation rate as the bubble radius increases. When the flow velocity
rises to 0.6 m/s, only bubbles with a radius greater than 200 µm can accumulate, and their
rate is substantially lower than under low-velocity conditions. At 0.75 m/s, only bubbles
exceeding 500 µm can accumulate, with the rate approaching zero. These simulation
findings align perfectly with the significant reduction in accumulation observed in the
experiments (Figure 5). Furthermore, Figure 8 demonstrates that at an average flow velocity
of 0.1 m/s, the accumulation rate rises with an increase in bubble concentration.

Figure 6. Length of bubble accumulation sites on the top paper of the corner channel. (10 replicates
per condition) Operating conditions: initial average bubble radius of 188 µm and bubble content of
0.1% under varying flow velocities.

Figure 7. Simulated bubble accumulation rate at the accumulation sites on the top paper of the
corner channel under different flow velocities. Operating conditions: varying average flow velocities
(0.10–0.75 m/s) with a fixed bubble content of 0.1%.
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Figure 8. Simulated bubble accumulation rate at the accumulation sites on the top paper of the
corner channel under different bubble concentrations. Operating conditions: varying bubble contents
(0.1–0.4%) with a fixed average flow velocity of 0.1 m/s.

3.3. Growth Characteristics of Accumulated Bubbles on the Top Paper of Horizontal Channels

Experiments observed that bubbles with an average radius of 188 µm accumulated in
swarms on the top paper surface of horizontal oil channels. The size of the bubbles within
these accumulated swarms was significantly larger than that of the bubbles suspended
in the oil, and the size of the accumulated bubbles on the paper surface increased with
the horizontal distance. Because bubbles accumulate in swarms on the paper surface
of horizontal channels, continuous bubble coalescence occurs as the swarms slide along
the surface, leading to an increase in bubble size. It is important to emphasize that this
continuous coalescence is physically distinct from random collisions in the bulk flow; it
strictly occurs when bubbles are forced into tight contact by specific structural barriers
(such as paper overlapping gaps). According to the research by Sun et al., when the bubble
coalescence process continuously occurs within such a stable accumulated bubble swarm,
the theoretical maximum growth rate of the accumulated bubbles can be expressed as
Equation (11) [29]:

dR
dt

= 0.47(0.000773T + 0.1432)/R1.13 (11)

where R is the radius of the accumulated bubble and T is the temperature.
By coupling Equation (11) with the dynamic equations, the theoretical curve of the

maximum bubble radius varying with distance was obtained, as shown in Figure 9.
This curve was then compared with the mean values from 50 experiments conducted

at 50 mm and 250 mm. The results indicate that bubbles coalesce and grow while sliding,
with their size increasing as the distance extends. The experimental mean values are slightly
smaller than the simulated values and exhibit greater dispersion. This discrepancy arises
because the simulation is based on the ideal assumption of stable interfacial contact and
continuous coalescence. In reality, unstable contact disrupts continuous coalescence, and
under low accumulation rates, it is even difficult to form contacting bubble swarms.

Figure 10 presents the theoretical curves of the maximum bubble radius varying with
distance under different flow velocities, along with the mean values of 50 experiments at a
specific horizontal distance of 250 mm. This specific location (250 mm) was selected as a
standardized benchmark because it sits well within the fully developed region (>150 mm)
of the 300 mm channel. At this downstream location, the bubble swarms have undergone
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sufficient sliding and coalescence to reach a stable accumulation state, making it the most
representative site to observe the final maximum bubble size and clearly evaluate the
restrictive impact of flow velocity.

Figure 9. Comparison between the simulated and experimental maximum radius of accumulated
bubbles on the top paper of the horizontal oil channel at different horizontal distances. The scatter
symbols represent the experimental measurements (averaged over 50 replicates, with error bars indi-
cating standard deviation), while the solid line denotes the theoretical simulation results. Operating
conditions: insulating oil at 25 ◦C and an initial average bubble radius of 188 µm.

Figure 10. Comparison between the simulated and experimental maximum radius of accumulated
bubbles on the top paper of the horizontal oil channel under different flow velocities. The scatter
symbols represent the experimental measurements (averaged over 50 replicates), while the solid lines
denote the theoretical fitting results. Operating conditions: varying flow velocities (0.05–0.30 m/s),
insulating oil at 25 ◦C, and horizontal distance at 250 mm.

The results show that an increase in flow velocity accelerates the sliding of accumulated
bubbles on the paper surface and shortens the accumulation time, thereby reducing the
theoretical maximum size. The experimental measurements align with the theoretical
trends: the maximum radius of accumulated bubbles on the paper surface decreases as
the flow velocity increases. However, the experimental mean values are smaller than the
theoretical curves, and the standard deviation of multiple experimental results is relatively
large, increasing further with higher flow velocities. Specifically, at low flow velocities, the
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experimental maximum sizes demonstrate close agreement with the theoretical predictions,
showing minimal deviations and relatively narrow error margins. Because bubbles are more
likely to form swarms with stable contact under lower velocity conditions, the continuous
coalescence process remains highly consistent with the theoretical assumptions. Conversely,
at higher flow velocities, the discrepancy between the experimental mean values and the
theoretical curves widens significantly, accompanied by a noticeable expansion of the
standard deviation (as indicated by the widening error bars). This growing discrepancy is
fundamentally attributed to the theoretical model’s assumption of idealized, continuous
interfacial contact. In actual experiments, higher flow velocities induce stronger local shear
and flow disturbances, causing unstable bouncing and intermittent contact among the
sliding bubbles. This dynamic disruption periodically interrupts the continuous coalescence
process, thereby resulting in actual maximum sizes that are notably smaller than the
theoretical predictions.

Figure 11 displays the theoretical curves and experimental mean values of the maxi-
mum radius of accumulated bubbles on the top paper of the horizontal oil channel varying
with horizontal distance at an average flow velocity of 0.05 m/s under different tempera-
tures. The results indicate that elevated temperatures accelerate the coalescence and growth
process of accumulated bubbles. At a given horizontal distance, the maximum radius of
accumulated bubbles increases with rising temperature.

Figure 11. Comparison between the simulated and experimental maximum radius of accumulated
bubbles on the top paper of the horizontal oil channel under different temperatures. The scatter
symbols represent the experimental measurements (averaged over 50 replicates), while the solid
lines denote the theoretical fitting results. Operating conditions: varying temperatures (25–80 ◦C), an
average flow velocity of 0.05 m/s, and horizontal distance at 250 mm.

To fully comprehend the coupled influence of these two critical parameters, it is
essential to recognize that bubble growth is not determined by a simple static response
surface, but rather by an integral process bridged by Equation (11) and the kinematic
residence time. Specifically, temperature (T) governs the thermodynamics of the system; as
indicated by Equation (11), elevated temperatures exponentially increase the theoretical
coalescence growth rate. Conversely, flow velocity (v) governs the kinematics of the system.
The velocity determines the sliding speed of the bubble swarm, thereby dictating the
total residence time available for continuous coalescence before the bubbles are swept
downstream. Therefore, the final maximum bubble radius (Rmax) is fundamentally the
time-integral of the growth rate over this available residence time. A higher temperature
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steepens the growth curve, while a lower flow velocity extends the integration time, both
synergistically leading to severe bubble enlargement.

Due to manufacturing processes, paper overlapping gaps exist in oil-paper insulation,
which significantly affect bubble accumulation at the top of horizontal oil channels. These
gaps intercept small bubbles, forming stable contacting swarms that continuously coalesce
and grow. As shown in Figure 12, the experimental values of the maximum bubble radius
at different accumulation times closely match the theoretical curves. As their size increases,
the bubbles are eventually flushed out of the overlapping gaps by the flow field. Their
critical size is determined by the gap height and flow velocity.

Figure 12. Comparison between the theoretical and experimental maximum radius of accumulated
bubbles over time at the paper overlapping gaps in the horizontal oil channel. The cross scatter
symbols represent the experimental measurements, while the solid line denotes the theoretical growth
curve. Operating conditions: paper gap heights of 0.5 mm and 1.0 mm, and insulating oil at 25 ◦C.

Figure 13 illustrates the radius of bubbles escaping the gaps under various operating
conditions. A higher paper overlapping gap allows for the accumulation and eventual
release of larger bubbles. Conversely, an increase in oil flow velocity promotes the detach-
ment of bubbles from the gaps, resulting in a slight decrease in the size of the escaping
bubbles. Consequently, if paper overlapping gaps are present on the top surface of a
horizontal oil channel, bubbles will stably accumulate and continuously coalesce at these
gaps, ultimately forming large-scale bubbles comparable to the gap height, thereby posing
a severe threat to insulation safety.

3.4. Growth Characteristics of Accumulated Bubbles on the Top Paper of Corner Channels

After entering the low-velocity region at the corner, bubbles stagnate and accumulate.
Over time, they form bubble swarms and undergo continuous coalescence and growth.
Figures 14 and 15 illustrate the accumulation and growth process of bubbles with an
average radius of 188 µm on the top paper of the corner channel, under the conditions of
an average flow velocity of 0.1 m/s and a bubble content of 0.1%. As shown in Figure 14,
bubbles accumulate on the top paper of the corner channel at a rate of 3.15 × 10−9 m/s,
forming a stable accumulation site with a length of approximately 7 mm. At this site, the
bubbles remain stationary with stable contact, allowing continuous coalescence to occur.
Consequently, the maximum bubble size increases over time, and the experimental values
closely align with the theoretical curve.
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Figure 13. Average size of bubbles escaping from the paper overlapping gaps in the horizontal oil
channel. The scatter symbols represent the experimental measurements (with error bars indicating
standard deviation) across different gap heights and flow velocities.

Figure 14. Comparison between the theoretical and experimental maximum radius of accumulated
bubbles on the top paper of the corner oil channel. The cross scatter symbols represent the experimen-
tal measurements, while the solid line denotes the theoretical growth curve. Operating conditions:
an average flow velocity of 0.1 m/s, a bubble content of 0.1%, and an initial average bubble radius of
188 µm.

Temperature is a critical factor determining accumulation and growth, as the coales-
cence rate is positively correlated with temperature. Figure 15 presents the theoretical
curves under different temperatures, alongside the mean values from 50 experimental
measurements of the maximum accumulated bubble radius after accumulation times of
1 min, 2 min, and 4 min at 25 ◦C and 80 ◦C. The results demonstrate that elevated tem-
peratures accelerate the growth process of accumulated bubbles on the top paper of the
corner channel. Within the same accumulation timeframe, the maximum radius of the
accumulated bubbles increases with rising temperature. Because the bubbles at the corner
accumulate in stable swarms, their growth characteristics are highly consistent with the
theoretical curves.
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Figure 15. Comparison between the theoretical and experimental maximum radius of accumulated
bubbles on the top paper of the corner oil channel under different temperatures. The scatter symbols
represent the experimental measurements (averaged over 50 replicates, with error bars indicating
standard deviation), while the solid lines denote the theoretical growth curves. Operating conditions:
insulating oil temperatures ranging from 25 to 80 ◦C, an average flow velocity of 0.1 m/s, and a
bubble content of 0.1%.

4. Conclusions
In this study, a two-phase flow model for bubble migration and accumulation based

on the Euler–Lagrange framework was established, and a corresponding experimental
platform for typical oil channels was constructed. By combining numerical simulations
with experimental observations, the bubble accumulation process within typical oil channel
flow fields was comprehensively investigated. The accumulation sites and growth laws
under various flow velocities and temperatures were revealed. The main conclusions are
as follows:

1. Bubbles primarily accumulate on the top insulating paper surfaces of both horizontal
channels and channel corners. The accumulation rate is fundamentally determined
by the flow velocity and bubble content.

2. In horizontal channels, bubbles slide slowly along the top paper surface under the
combined effects of drag and friction forces, thereby forming accumulations. Paper
overlapping gaps intercept these sliding bubbles, causing them to accumulate in
swarms and grow continuously. Ultimately, they form large-scale bubbles comparable
to the gap height before escaping. Furthermore, the bubble accumulation rate per
unit area on the top surface is directly proportional to both the flow velocity and the
bubble content.

3. The low-velocity region at the top of channel corners is highly prone to bubble
stagnation, leading to the formation of accumulated bubble swarms. The length of
these accumulation sites decreases as the flow velocity increases. Notably, when the
flow velocity exceeds 0.6 m/s, both the accumulation length and the accumulation
rate drop sharply.

4. The growth characteristics of accumulated bubbles are closely correlated with flow
velocity and temperature. Continuous coalescence among accumulated bubbles
drives their size growth. An increase in flow velocity accelerates the sliding motion,
drastically reducing the residence time available for bubbles to contact and merge,
which consequently restricts the final size of the accumulated bubbles.
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Ultimately, this study elucidates the complex dynamics of bubble accumulation in
transformer oil channels, providing a crucial theoretical basis and an effective analytical
framework for assessing bubble-induced insulation risks and optimizing the internal
structural design of power transformers.

It should be noted that while the artificial aeration method employed in this study en-
ables precise control over initial bubble size and concentration for fundamental mechanism
investigations, it represents a simplification of real-world conditions. In actual operating
transformers, bubbles typically nucleate and evolve directly from the micropores of the
oil-impregnated insulating paper under coupled thermal-electrical stresses and moisture
vaporization, which may lead to broader size distributions and more complex initial detach-
ment dynamics. Future research will aim to incorporate these realistic nucleation behaviors
to further bridge the gap between experimental models and field applications.
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