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Abstract

Pressure relief valves (PRVs) are key safety components in power transformers, and their
discharge performance directly influences pressure mitigation during internal fault events.
This study presents a density-based topology optimization approach to improve the internal
flow passage of a transformer PRV. Optimization is carried out within a predefined design
domain while preserving the original external geometry and functional constraints of the
valve. Pressure drop is defined as the objective function, and the Brinkman penalization
method is used to model the fluid—solid transition during the optimization process. Based
on the optimized topology, a reconstructed valve configuration is developed and evaluated
using transient computational fluid dynamics (CFD) simulations. The transient inlet
pressure boundary condition is obtained from a 6 MJ transformer arcing experiment to
ensure realistic operating conditions. The hydraulic performance of the baseline and
optimized designs is compared in terms of cumulative discharged volume, pressure field
evolution, velocity distribution, and turbulent kinetic energy. The results indicate that the
optimized flow passage reduces internal flow resistance and improves flow organization
within the valve chamber under transient conditions. Over a 19 ms discharge period, the
cumulative discharged volume increases from 13.219 L to 13.601 L, corresponding to an
improvement of approximately 3%. These findings demonstrate that topology optimization
can effectively enhance the transient discharge performance of transformer PRVs and
provide a basis for improving internal flow design in similar hydraulic safety devices.

Keywords: transformer pressure relief valve; topology optimization; transient discharge;
computational fluid dynamics; hydraulic loss reduction; flow-field optimization

1. Introduction

During the service life of oil-immersed electrical equipment such as power transform-
ers and on-load tap changers, low-impedance faults can occur due to aging insulation and
changes in the physical and chemical properties of the insulating oil [1]. These faults often
give rise to high-energy arcs, which rapidly decompose the surrounding transformer oil
into a mixture of flammable gases, including hydrogen, acetylene, and ethylene [2]. The
intense heat generated by the arc also causes the oil to vaporize almost instantaneously;,
producing a sudden volumetric expansion. Given the high density and inertia of the liquid
phase, the oil cannot adjust immediately to this rapid expansion, leading to localized
pressure spikes within gas bubbles [3]. The resulting pressure wave propagates through
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the oil, interacting with solid components inside the transformer, reflecting and refracting
multiple times before contributing to an overall rise in tank pressure [4]. If this excess
pressure is not quickly relieved, it can impose severe mechanical stress on the tank walls,
potentially causing deformation, oil leakage, or even catastrophic rupture, posing serious
risks to both equipment and operational safety.

Installed as a final critical safety barrier on transformer tanks, PRVs are widely used
to mitigate overpressure risks from internal arc faults [5]. Their typical operation relies
on a spring-loaded disc mechanism: the disc lifts to open a relief passage when internal
pressure exceeds a preset threshold and resets once pressure drops below the reseating
value, enabling rapid pressure regulation and isolation [6,7]. Extensive practical evidence
confirms that high-performance PRVs substantially reduce explosion risks associated with
arc faults [8,9].

Previous investigations on transformer PRVs have primarily focused on opening
pressure characteristics, spring stiffness design, dynamic response behavior, and struc-
tural reliability. Experimental and numerical studies have demonstrated that valve
opening dynamics considerably influence pressure-relief effectiveness and discharge
performance [10-12]. Similar research has also been conducted on safety valves and
relief devices used in hydraulic, petrochemical, and process engineering systems, where
valve motion, flow-induced forces, structural vibration, and dynamic stability have been
identified as critical factors affecting operational performance [13,14]. Recent studies have
further expanded the investigation of hydraulic valve performance from conventional
structural design to dynamic operating characteristics under complex working conditions.
For example, Stosiak et al. investigated the influence of mechanical vibration on a micro-
hydraulic relief valve and analyzed the resulting pressure pulsation characteristics through
theoretical and experimental approaches [15]. Another study combined experimental
measurements with numerical analysis to investigate vibration-related behaviors of hy-
draulic valves, further improving the understanding of valves” dynamic characteristics
under practical operating conditions [16]. These studies have considerably improved the
understanding of valve mechanics and dynamic response characteristics.

However, compared with the extensive research on valve opening mechanisms, con-
siderably less attention has been devoted to the internal flow organization during transient
pressure-relief processes. In practical transformer PRVs, the discharge flow commonly
experiences abrupt contractions, sharp turning passages, and sudden expansions before
reaching the outlet. Such complex geometric features can induce flow separation, recircula-
tion zones, vortex structures, and localized pressure losses, thereby reducing the effective
conversion of pressure energy into discharge flow [17]. Previous numerical investigations
of safety valves and pressure-relief devices have shown that vortex formation and flow
stagnation regions may substantially increase hydraulic losses and weaken discharge per-
formance [18,19]. Therefore, improving the internal flow-path configuration represents
a promising strategy for enhancing transient discharge efficiency without altering the
fundamental operating mechanism of the valve.

Conventional geometric modifications generally rely on engineering experience and
iterative parameter adjustments, which may fail to identify globally optimal flow configu-
rations. In recent years, topology optimization has emerged as a powerful computational
design methodology for fluid systems. Unlike traditional size or shape optimization
techniques, topology optimization enables material distribution to evolve freely within a
prescribed design domain, allowing the automatic generation of non-intuitive flow-guiding
structures that are difficult to obtain through conventional engineering intuition [20].

Since the seminal work of Borrvall and Petersson [21], density-based topology opti-
mization has become an effective computational design methodology for fluid systems,
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enabling the automatic generation of optimized flow paths through material redistribu-
tion within a prescribed design domain. Olesen et al. [22] extended the approach to
Navier-Stokes flow problems and demonstrated its capability to improve hydraulic perfor-
mance in fluidic devices. Subsequent developments in topology optimization theory and
numerical methods have considerably expanded their applicability to engineering design
problems [23]. More recently, topology optimization has been successfully applied to
channel-flow systems [19], unsteady flow configurations [24], turbulent flow problems [25],
thermal management devices and heat exchangers [26], as well as proton-exchange mem-
brane fuel cell flow fields [27]. These studies have consistently shown that topology
optimization can identify non-intuitive flow-guiding structures and achieve substantial
reductions in hydraulic losses, offering design solutions that are difficult to obtain through
conventional geometric modification and engineering experience alone.

Despite the growing application of topology optimization in fluid engineering, its
use in transformer pressure relief valves remains limited. Existing studies have primarily
focused on valve actuation and structural design, while the role of internal flow-path
configuration in determining transient discharge performance has received comparatively
little attention. Therefore, the objective of this study is to investigate the feasibility and
effectiveness of applying density-based topology optimization to the internal flow do-
main of a transformer pressure relief valve. The optimization problem is formulated to
minimize hydraulic resistance while preserving the external geometry and functional
constraints of the original valve. The topology optimization result is reconstructed into
a manufacturable configuration and subsequently evaluated using transient computa-
tional fluid dynamics (CFD) simulations. Particular attention is devoted to transient dis-
charge behavior, cumulative venting capacity, pressure evolution, velocity distribution, and
flow-field characteristics.

2. Materials and Methods
2.1. Valve Geometry

Pressure relief valves usually contain elastic components, sealing elements, and a
housing. The elastic component is preloaded, applying enough force to the valve plate to
press it through a sealing element to close off the oil tank. When the pressure from the tank
rises, the sealing element rises against the elastic component to relieve the pressure. After
that, the elastic component provides force to the sealing element, allowing it to move back
and close off the oil tank again. In our previous work, a symmetrical dual-outlet housing
PRV was designed [28]. The present work builds upon this novel valve configuration, as
shown in Figure 1.

Figure 1. (a) Section view of the novel valve; (b) axonometric view of the novel valve.
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2.2. Governing Equations

In topology optimization of the pressure relief valve, the fluid motion is described by
the incompressible Navier-Stokes equations [29]:

V-ou=0 (1)

p(u-Viu=—-Vp+uVu—au ()

Here u denotes the velocity vector, p is the pressure, p is the fluid density, and y is the
dynamic viscosity.

The design domain is treated as a combination of fluid and solid regions, with a
density-based representation applied throughout the optimization. To account for the effect
of solid regions on the fluid, volumetric resistance proportional to the velocity is included.
This is implemented through the Brinkman penalization method [30], which introduces the
term —au into the momentum equation. The coefficient « is linked to the design variable
v using a Darcy-type interpolation function, providing a smooth transition between fluid
and solid regions [31]:
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where g is the penalty factor of the interpolation model (set to 0.01); a,,;;, is set to 0; &4y is
a large constant; L represents the characteristic length of the system; and « (7y) serves as
the volumetric resistance coefficient applied to the fluid.

In the density-based topology optimization framework, the maximum flow resistance
coefficient a,y is determined from the dimensionless Darcy number (Da), which charac-
terizes the relative influence of viscous forces and flow resistance in the porous medium.
To approximate an impermeable solid, Da should be sufficiently small, typically less than
107 in practical applications [30]. During the optimization, the design variable v varies
continuously between 0 and 1, controlling the local material properties. The transition
of material behavior from solid-like to fluid-like is achieved by interpolating the relevant
physical properties. Specifically, the dynamic viscosity u and density p are expressed as
functions of < using a Darcy-type interpolation:

w(y)=pr— (ps — m)m (5)
P(’Y):Pl—(Ps—Pl)m (6)

where y; and s denote the viscosities of the fluid and solid phases, respectively, while p;
and p; are the corresponding densities. The interpolation ensures a gradual variation in ma-
terial properties across the fluid-solid interface during the topology optimization process.

2.3. Objective Function and Constraints

The objective of the topology optimization is to enhance the hydraulic performance of
the valve housing by reducing the flow resistance within the discharge passage. Geometric
discontinuities such as local contractions, sharp bends, and sudden expansions lead to
additional energy dissipation and consequently increase the pressure loss during fluid
transport. Therefore, the pressure difference between the inlet and outlet is adopted as the
objective function. Minimization of this pressure drop enables the optimization algorithm
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to redistribute the internal flow domain toward a lower-resistance flow configuration,
which is expected to improve the subsequent discharge performance.

Although cumulative discharged volume provides a more direct evaluation of the
transient discharge capability, it requires repeated time-dependent CFD simulations and
is therefore not directly adopted as the optimization objective in the present topology
optimization framework due to the significantly increased computational cost. Instead,
cumulative discharged volume is used as a key performance indicator in the subsequent
transient CFD simulations to evaluate the effectiveness of the optimized configuration. The
objective function is defined as follows:

¢ = Ap = Pin — Pout (7)

where p;,, and p,y;: denote the inlet and outlet pressures, respectively.
The topology optimization problem is then formulated as follows:

find 7y
min ¢= Ap = p;, — Pout
subjectto V- u = 0

p(wV)iu=—-Vp+ uVu—a(y)u ®)
a(y) = (@max — Xpin) q(ql;y’y)
JordQ2
fgwa < Vy
0 <~y <1

where (2 represents the entire valve topology domain, V represents the volume fraction
of the fluid domain, and in this topology optimization, the upper limit of Vis 0.9.

2.4. Filtering and Projection

In topology optimization, the continuous variation in the design variable v € [0, 1]
may lead to numerical instabilities, which are commonly manifested as checkerboard
patterns and gray-scale regions. The checkerboard pattern refers to non-physical alter-
nating distributions of solid and void phases that arise from mesh-dependent numerical
oscillations, particularly at the element scale. Such patterns are primarily associated with
discretization sensitivity and the lack of numerical regularization, resulting in artificial
spatial oscillations in the design field. These artifacts are unfavorable in practice, as they
violate structural continuity and pose difficulties for manufacturing.

Another typical issue is the emergence of gray-scale regions, where the design variable
takes intermediate values between 0 and 1. In these regions, the material state becomes
ambiguous due to the interpolation of physical properties, leading to discrepancies between
numerical representation and real material behavior.

To alleviate these issues, a Helmholtz-type density filter is applied to regularize the
design field [32]. The filtered variable - is governed by the following:

R Vp + vp =7 )

where 7 is the original design variable, 7 is the filtered field, and Ry,;;, denotes the filter
radius, typically chosen in relation to the mesh size.
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However, density filtering alone may increase the extent of gray-scale regions. To
further enforce a clear separation between solid and fluid phases, a hyperbolic tangent
projection is introduced:

(tanh ([3 ('yf - 75)> + tanh( /B'Yﬁ))
(tanh(B(1—yp)) + tanh( Byp))
where 7y, is the projected design variable; f is the projection steepness parameter; and 4

defines the projection threshold. In this study, = 8 and y4 = 0.5. The projection enhances
the contrast between solid and fluid regions while maintaining numerical stability.

(10)

Yh =

2.5. Topology Optimization Region

The optimization problem in this study focuses on the design of the inner housing of
the pressure relief valve. Before optimization, the fluid domain of the valve is extracted. To
prevent interference between the topology optimization region and the existing internal
components of the valve body, the design domain is separated accordingly. In Figure 2, the
blue region represents the topology optimization domain, and the blue region represents
the non-design region.

Non-topological
domain

__Topological
domain

~

\ |

. B

Figure 2. Topological region division.

The topology optimization is carried out using COMSOL Multiphysics 6.3. The compu-
tational model is implemented on a workstation equipped with a 16-core AMD64 processor
and 64 GB of RAM. The entire design domain is treated as a fluid region in the initial
configuration. The initial relative density is assigned as 0.5 in the design (optimization)
domain, while the non-design region is fixed with a density value of 1. Sensitivity infor-
mation is obtained using the discrete adjoint method, which is employed to evaluate the
derivatives of the objective and constraint functions with respect to the design variables.
The optimization problem is solved using the method of moving asymptotes (MMAs). In
the optimization procedure, the maximum number of iterations is set to 200, the conver-
gence tolerance is 0.001, and the move limit is set to 0.2. The flowchart of the topology
optimization process is shown in Figure 3.
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Figure 3. Flowchart of the topology optimization process.

3. Results
3.1. Topology Optimization Result

The comparison between the optimized valve flow channel and the original prototype
is presented in Figure 4. To eliminate the influence of intermediate density values, a
thresholding operation is applied to the optimized design field based on a commonly used
criterion in topology optimization. A threshold value of § = 0.5 is adopted, where regions
with @ < 0.5 are classified as solid, and regions with 8 > 0.5 are identified as fluid.

(a) (b)

Figure 4. (a) Fluid domain before optimization; (b) fluid domain after optimization.

It should be noted that the additional solid regions generated in the optimized flow
domain do not represent defects or unnecessary blockages. Instead, they result from the
material redistribution process during topology optimization. Although the fluid domain
is locally reduced, these regions generally correspond to areas with lower contribution to
the optimization objective. The resulting redistribution of the flow domain modifies the
internal flow path and provides additional flow guidance toward the outlet.

https:/ /doi.org/10.3390/app16157385


https://doi.org/10.3390/app16157385

Appl. Sci. 2026, 16, 7385

8 of 18

In practical engineering applications, the topology optimization result is considered
a conceptual flow-guiding design rather than a directly manufactured geometry. In the
present study, the optimized flow configuration can be implemented by modifying the in-
ternal wall surface of the valve housing while maintaining the original external dimensions
and functional components. The corresponding solid features may be introduced through
local material addition, machining, or integrated manufacturing approaches. Therefore, the
optimized topology provides a feasible reference for improving the internal flow configura-
tion of transformer pressure relief valves without requiring fundamental modifications to
the existing valve structure.

3.2. CED Numerical Methodology

Both models were simulated under identical operating conditions to ensure a reliable
comparison. The internal flow was treated as an incompressible turbulent flow, and the
Reynolds-averaged Navier—Stokes (RANS) approach was adopted. The standard k — €
turbulence model was employed to describe the turbulent characteristics of the discharge
process. Although more advanced turbulence models, such as SST k — w, Reynolds stress
models (RSMs), and large eddy simulation (LES), can provide improved predictions for
near-wall effects, turbulence anisotropy, or large-scale unsteady vortex structures, they
require higher computational costs and stricter mesh requirements. Since the objective
of this study is to compare the relative performance difference between the original and
topology-optimized valve designs under identical transient conditions, the standard k — e
model was selected as a compromise between computational efficiency and prediction
capability for engineering applications.

The bottom face of the valve base was defined as the inlet with a prescribed pressure
load, as illustrated in Figure 5. The inlet pressure profile was obtained from the 6 MJ
transformer arcing experiment of the prototype valve, thereby representing the actual
pressure variation during an internal fault event. The outlet boundaries were defined as
pressure outlets, and all solid surfaces were treated as stationary no-slip walls. The valve
plate was fixed at its maximum opening position because the opening duration of the valve
plate is much shorter than the discharge period investigated in this study. In addition,
components including the signal rod, connecting rods, and springs were neglected because
their influence on the internal flow field was considered negligible.

4.5 T T

25 a

Inlet Pressure/Mpa

0 5 10 15 20
Time/ms

Figure 5. Pressure at the inlet of the developed valve in the arcing experiment.
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The simulations were performed using a pressure-based solver with a transient formu-
lation. The SIMPLE algorithm was applied for pressure—velocity coupling. Second-order
upwind discretization schemes were adopted for the momentum equation, turbulent ki-
netic energy equation, and turbulent dissipation rate equation. The convergence criterion
was defined as residual values below 1073 for the continuity, momentum, turbulent ki-
netic energy, and turbulent dissipation rate equations. The working fluid was transformer
insulating oil with a density of 885.6 kg/m? and a kinematic viscosity of 9.64 mm?/s.
A time step of 0.04 ms was employed to capture the rapid pressure variation during the
discharge process.

A grid independence study was performed to evaluate the influence of mesh resolution
on the numerical results. Three mesh resolutions were generated for both the original and
optimized valve models. As summarized in Table 1, the differences between the medium
and fine meshes were 0.21% for the original valve and 0.12% for the optimized valve
compared with the medium mesh results, respectively. These small variations indicate that
the predicted discharge performance is nearly independent of mesh resolution. Therefore,
fine meshes containing approximately 0.8 million cells were selected for the subsequent
CFD analysis to achieve a balance between computational accuracy and efficiency.

Table 1. Grid independence study of the original and optimized valve models.

Model

Accumulated Discharge

Mesh Cells Relative Difference (%)

Volume (L)
Original—Coarse 422,963 13.276459 0.43
Original—Medium 524,016 13.192297 0.21
Original—Fine (Selected) 780,581 13.219593 —
Optimized—Coarse 512,355 13.648408 0.35
Optimized—Medium 602,327 13.584578 0.12
Optimized—Fine (Selected) 847,487 13.601257 —

For the selected fine meshes, the original and optimized valve models contained
approximately 0.78 million and 0.85 million cells, respectively. Both fluid domains were
discretized using polyhedral elements with an average size of 3.5 mm, and five layers of
inflation mesh were applied around the valve plate to better capture the near-wall flow
characteristics, as shown in Figure 6. The cell orthogonal quality values of the two meshes
were 0.950 and 0.942, respectively, indicating that the generated meshes possess good
quality and are suitable for the subsequent transient CFD simulations.

(a) (b)
Figure 6. (a) CFD mesh of the original valve; (b) CFD mesh of the optimized valve.

3.3. Transient Discharge Performance

Figure 7 shows the outlet flow rate difference between the two valves. At the initial
stage of discharge, the original valve exhibits a slightly higher outlet flow rate than the
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optimized valve. This difference may be attributed to the early-stage development of the
transient flow field, where the effect of the optimized internal flow configuration on the
discharge process is not yet fully reflected. After approximately 3.5 ms, the outlet flow rate
of the topology-optimized valve becomes higher than that of the original configuration and
remains higher throughout the subsequent discharge process.

70 T T T T T T T T T

60 - b

50 | b

40 4

30 b

20 4

Outlet flow rate difference/L/s

I
o
T
1

|
N
S

T

1

~30 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time/ms

Figure 7. Outlet flow rate difference (optimized valve outlet flow rate minus original valve outlet
flow rate).

Figure 8 presents the cumulative discharged volume of the two valves under identical
transient pressure boundary conditions. The original valve achieves a total discharged
volume of 13.219 L, whereas the topology-optimized valve reaches 13.601 L at the end
of the discharge period. This corresponds to an improvement of approximately 3% in
cumulative discharge capacity. The increased cumulative discharge volume indicates that
the optimized internal flow configuration enhances the transient discharge performance of
the valve.

14 T T T T T T T T T

) ™ =) o
T T T T

Cumulative outlet flow volume/L
IS

—@— Original
—ll— Topology-optimized
1 1 1 1 I T T

0 2 4 6 8 10 12 14 16 18 20
Time/ms

Figure 8. Comparison of cumulative outlet flow volume between the optimized valve and the
original valve.

3.4. Pressure Field Characteristics

Pressure distribution is one of the primary indicators for evaluating the hydraulic
performance of a pressure relief valve. During the discharge process, the pressure difference
between the inlet and outlet provides the driving force for fluid transport. Excessive
local pressure accumulation usually indicates increased flow resistance and inefficient
pressure-energy conversion, while severe low-pressure regions may be associated with flow
separation and hydraulic losses. Therefore, analysis of the pressure field provides insight
into the effectiveness of the internal flow path in utilizing the available pressure potential.
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Figure 9 presents the static-pressure distributions of the original and optimized valves
at three representative stages of the discharge process. At 1.6 ms, both configurations
exhibit a high-pressure region beneath the valve plate due to the rapid pressure rise at
the inlet. The overall pressure distributions are similar because the fluid has only begun
to accelerate and the influence of the optimized internal geometry remains limited at
this stage.

Static Pressure Static Pressure
[Pa] [Pa]

1.96 % 198 x
1.61x

125

163 x
129%
9.39 %
592x

9.02x

1.6ms 549
1.96 x

-157x

=510 %

-8.63 x

-122x

244x
-1.03x
-450 %

~7.98 x
-1.15%
-1.49 %

-157x
Static Pressure Static Pressure
[Pa] [Pa]
8.78 %
7.25%

8.04 x
6.62 x
5.72x 5.20x
4.19x

10.4ms 266
113 x

-4.05 x

-1.94 x

~347x

500

-6.53 x

3.78x
236 %
9.38x
483 %
=1.90 x
-333x
-4.75 %
-6.17 x

Static Pressure Static Pressure
Pa a

[Pa] [Pa]
5.19 % 10° 523x
4.11x10° 4.05 x
3.03x10° 287x
1.95 x 10° 170 %
18.4ms 866 10° { ] 521x
=217 x10* -6.56 x
=130 x 10* -1.83x
-2.38 % 10° =3.01x
~3.46 % 10* -4.19x
-455% 10° -5.36
-5.63x 10° -6.54

(a) (b)

Figure 9. (a) Static-pressure distributions of the original valve; (b) static-pressure distributions of the
optimized valve.

At 10.4 ms, the original valve still exhibits relatively obvious low-pressure zones in
the bottom-inlet corner of the valve. The optimized configuration exhibits a smoother
pressure transition, and the low-pressure zones become less pronounced. As the flow rate
increases, the influence of the optimized flow passage becomes more evident, leading to a
more continuous pressure distribution within the valve chamber.

At 18.4 ms, when the discharge process approaches its final stage, the influence
of topology optimization becomes most apparent. In the original valve, extensive low-
pressure regions are observed near the top of the valve chamber and close to the outlet. After
topology optimization, the pressure field becomes more evenly distributed throughout
the chamber, and the extent of the low-pressure regions is reduced. The more uniform
pressure distribution indicates that the optimized geometry promotes a more effective
redistribution of the driving pressure during discharge, thereby reducing localized adverse
pressure gradients.

These results indicate that topology optimization improves the pressure distribution
characteristics inside the valve chamber and contributes to a more favorable transient
discharge process.
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3.5. Velocity Field Characteristics

Velocity distribution reflects the utilization efficiency of the available flow domain.
In an efficient discharge process, a more uniform velocity distribution generally indicates
better utilization of the available flow passage. Conversely, extensive low-velocity regions
indicate stagnant flow and ineffective use of the valve chamber volume. Therefore, velocity
contours can be used to evaluate the effectiveness of flow development within the valve.

Figure 10 compares the velocity-magnitude distributions of the original and optimized
valves. At 1.6 ms, the flow is mainly concentrated near the inlet region, and the velocity
fields of the two valves remain similar. The highest velocities are observed around the
lower corners adjacent to the inlet, where the fluid first enters the chamber and undergoes
rapid acceleration. Since the discharge process has only just begun, the influence of the
optimized internal geometry on the overall velocity distribution is still limited.

Velocity Magnitude
[mis]

7.20 % 10"
6.48 x 10
5.76x 10"
5.04x 10"

Velocity Magnitude
[mis]
7.47x 10°
6.46  10°
574 10°
502 10°

1.6ms 432% 10" 430x 10"
360 x 10° 359 % 10°

288 10° 287x10°

216 x 10 215x10"

144 % 10" 143% 10"

7.20 % 10° 7.47x10°

0,00 10° 0,00 10°

Velooy Magniude Veloiy Magniude

4.53x 10" 4.62x10"

4,08 x 10" 416 x 10"

362 10' 369 % 10°

317 x 10" 3.23%10"

10.4ms 2723100 277% 100
227 10° 231 x 10°

1.81x 10 1.85x10°

136% 10" 139% 10"

9,06 10° 9.23x 10°

453 10° 462x10°

0.00x 10° 0.00 x 10°

Veloiy Magniude Veloy Magniude

439 % 10° 435% 10"

395 10° 392x10°

351x10° 348 % 10°

3.07x10° 3.05 % 10°

18.4ms 263% 10" 261% 10"

2.18x 10"
1.74 % 10°
1.31x10°
8.70x 10°
435%10°
0.00 x 10°

2.19x 10"
1.75 % 10'
1.32 % 10'
8.77x10°
4.39x 10°
0.00 x 10°

(b)

Figure 10. (a) Velocity distributions of the original valve; (b) velocity distributions of the
optimized valve.

At 10.4 ms, the velocity fields of the two valves are still similar. However, the optimized
valve exhibits slightly higher flow velocity in several regions of the chamber. Although the
overall flow pattern changes little, the increase in flow velocity indicates a more effective
utilization of the available flow passage during the discharge process.

At 18.4 ms, localized high-velocity regions are observed in the upper chamber of
the original valve together with a localized low-velocity zone near the inlet. The velocity
distribution suggests the existence of complex local flow structures within the chamber.
After topology optimization, the high-velocity zones become less concentrated and the
velocity contours in the upper chamber appear more continuous. Meanwhile, the localized
low-velocity region near the inlet was substantially reduced. The more uniform velocity
distribution suggests that more fluid contributes effectively to the discharge process.

After topology optimization, the overall velocity field remains similar to that of the
original valve, while moderately higher flow velocities are observed during the middle
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and late stages of discharge. The reduction in localized low-velocity regions indicates
that the available flow passage is utilized more effectively, which is consistent with the
improvement in cumulative discharged volume presented in Section 3.3.

3.6. Turbulent Kinetic Energy Characteristics

Turbulent kinetic energy (TKE) represents the kinetic energy associated with turbulent
velocity fluctuations and is widely used to characterize turbulence intensity and energy
dissipation in internal flows. High-TKE regions are generally associated with strong shear
layers, recirculation zones, and flow instability. Since part of the mechanical energy is
converted into turbulent fluctuations, excessive TKE generally indicates stronger turbulent
activity and additional energy dissipation. Therefore, the TKE distribution can be used to
evaluate the degree of energy dissipation inside the valve.

Figure 11 shows the turbulent kinetic energy distributions of the original and opti-
mized valves. At 1.6 ms, the TKE distributions of the two valves are similar, and the levels
are relatively low. Localized turbulence is mainly observed near the sharp corners adjacent
to the valve plate and inlet region, where the flow undergoes rapid acceleration.

Turbulent Kinetic Ene
1oy ()

m*/s7]

1.14x 102
1,02 10°

1.20 % 107
1.08 x 10
9.10 x 10*
7.97 x 10

9.60 x 10"
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(a) (b)

Figure 11. (a) TKE distributions of the original valve; (b) TKE distributions of the optimized valve.

5.02x10'
376 10"
251 10"
1.26 x 10

750 x 10

At 10.4 ms, turbulence production becomes more pronounced as the discharge process
develops. For the original valve, elevated TKE regions appear near the outlet entrances.
The optimized valve exhibits a similar overall distribution pattern, but the intensity of the
high-TKE regions is reduced, indicating weaker turbulent fluctuations under comparable
flow conditions.

At 18.4 ms, significant differences emerge between the two configurations. The original
valve develops extensive high-TKE regions in the upper chamber and near the outlet,
indicating strong turbulent activity and enhanced energy dissipation. In contrast, the
optimized configuration exhibits a noticeable reduction in both the intensity and spatial
extent of these regions. The high-TKE zones become less concentrated, and the overall
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turbulence level inside the chamber decreases. Compared with the pressure and velocity
fields, the difference in TKE between the two configurations becomes more apparent during
the late stage of discharge.

The reduction in TKE indicates that the optimized valve experiences weaker turbulent
fluctuations during the discharge process. This observation is consistent with the quan-
titative comparison presented in Section 3.7, where the optimized valve exhibits a lower
volume-averaged TKE while maintaining a higher discharge capacity.

3.7. Quantitative Performance Evaluation

To provide a quantitative comparison between the original and topology-optimized
valves, several representative performance indicators are summarized in Table 2. The
flow-field-related parameters, including the outlet mass-weighted average velocity and
volume-averaged TKE, are evaluated at 18.4 ms. This instant corresponds to the late stage of
the transient discharge process, where the differences between the two valve configurations
become more evident in the pressure, velocity, and turbulent kinetic energy fields, making
it suitable for quantitative comparison. The cumulative discharged volume is selected as
the primary indicator of discharge performance and is calculated over the entire transient
discharge period. The outlet mass-weighted average velocity is used to characterize the
overall flow transport capability at the outlet because it reflects the characteristic velocity of
the discharged fluid while accounting for the non-uniform velocity distribution across the
outlet. The volume-averaged TKE is used to evaluate the overall turbulence characteristics
inside the valve chamber, providing a quantitative measure of the turbulence intensity
within the flow domain.

Table 2. Quantitative comparison of representative performance indicators.

Parameter Original Valve Topology-Optimized Valve Difference
Cumulative discharged volume 13.219 13.601 +2.9%
Outlet mass-weighted average velocity 16.724 17.230 +3.0%
Volume-averaged TKE 26.441 24.545 ~7.2%

(m?/s?)

As summarized in Table 2, the topology-optimized valve exhibits an increase in cu-
mulative discharge capacity compared with the original configuration, which is consistent
with the transient discharge behavior discussed in Section 3.3. In addition, the outlet mass-
weighted average velocity increases from 16.724 m/s to 17.230 m/s, indicating enhanced
flow transport through the optimized flow passage.

Meanwhile, the volume-averaged turbulent kinetic energy decreases from
26.441 m2/s? to 24.545 m?/s?, representing a reduction of approximately 7.2%. This
reduction is consistent with the TKE distributions discussed in Section 3.6, where the
optimized valve exhibits weaker and less concentrated high-turbulence regions. The lower
overall turbulence intensity suggests that the optimized geometry suppresses excessive
turbulent fluctuations associated with flow separation and recirculation.

Overall, the quantitative comparison confirms that the proposed topology optimiza-
tion improves the transient discharge performance while modifying the internal turbulence
characteristics of the valve. The agreement between the quantitative indicators and the flow-
field analyses presented in Sections 3.3-3.6 provides further support for the effectiveness of
the proposed optimization strategy.

https:/ /doi.org/10.3390/app16157385


https://doi.org/10.3390/app16157385

Appl. Sci. 2026, 16, 7385

15 of 18

4. Discussion

The topology optimization results indicate that the optimized configuration differs
from the baseline design primarily through the formation of several localized geometric
protrusions along the sidewall regions of the valve chamber. These features are mainly
located in the middle and lower portions of the side walls near the outlet region. Because
the volume-fraction constraint limits the proportion of solid material within the topology
domain, the overall geometric characteristics of the flow passage remain similar before
and after optimization. Therefore, the observed improvement in discharge performance is
primarily associated with changes in the internal flow development process caused by the
optimized geometry.

The influence of these geometric modifications can first be observed from the pressure
distributions. During the early stage of discharge, both configurations exhibit similar
pressure-field characteristics because the pressure difference across the valve is still rela-
tively large. As the discharge process develops, the differences between the two configu-
rations become more apparent. At 18.4 ms, the baseline configuration exhibits a higher
pressure-concentration in the upper chamber region, whereas the optimized configuration
presents a more distributed pressure field. In addition, the low-pressure regions located
near the outlet-side corners become less pronounced after optimization. These observations
indicate that the optimized geometry modifies the pressure distribution within the valve
chamber and reduces the degree of local pressure concentration. As a result, the pressure
field becomes more evenly distributed during the discharge process.

The velocity contours further demonstrate that topology optimization alters the flow-
development pattern within the valve chamber. In the baseline configuration, two relatively
high-velocity regions are observed above the valve plate, while a lower-velocity zone
remains between them. This feature becomes particularly evident during the later stage of
discharge. The coexistence of adjacent high- and low-velocity regions indicates that the
flow is unevenly distributed across the upper chamber. After topology optimization, the
shape and spatial distribution of these velocity regions change noticeably. The low-velocity
region located between the two high-velocity zones becomes less pronounced, and the
surrounding velocity field is altered accordingly. Meanwhile, the velocity distribution near
the outlet region also changes. These observations suggest that the optimized geometry
influences the internal flow-development process and modifies the manner in which fluid
moves through the valve chamber during discharge.

The effect of topology optimization is also reflected in the turbulent kinetic energy dis-
tributions. At the beginning of the discharge process, both configurations exhibit relatively
low turbulence intensity because the flow field is still developing. As the discharge pro-
ceeds, high-TKE regions gradually appear in the upper chamber and near the outlet region.
Compared with the baseline configuration, the optimized design exhibits a different spatial
distribution of turbulent kinetic energy during the later stage of discharge. In particular,
the locations and extent of the high-TKE regions are modified after topology optimization.
This indicates that the optimized geometry affects the turbulence development process
within the valve chamber and changes the interaction between the main flow and the
surrounding fluid.

Combining the pressure, velocity, and turbulent kinetic energy results, it can be
inferred that the localized geometric features generated by topology optimization influence
the transient flow development throughout the valve chamber. Rather than substantially
changing the overall flow passage, these structures modify local flow characteristics, leading
to changes in pressure distribution, velocity distribution, and turbulence intensity. The
resulting flow field exhibits a more uniform pressure distribution and a modified flow-

https:/ /doi.org/10.3390/app16157385


https://doi.org/10.3390/app16157385

Appl. Sci. 2026, 16, 7385

16 of 18

development pattern during discharge. These changes collectively contribute to the increase
in cumulative discharge volume observed in the optimized design.

Under the same transient pressure-loading condition, the cumulative discharged vol-
ume increases from 13.219 L to 13.601 L during the 19 ms discharge process. Considering
that the optimization was performed under strict geometric constraints and a prescribed
solid-volume constraint, the observed improvement demonstrates that localized modifica-
tions of the internal flow domain can influence transient flow behavior and contribute to
enhanced discharge performance in transformer pressure relief valves.

5. Conclusions

In this study, a density-based topology optimization approach was proposed to im-
prove the transient discharge performance of a transformer pressure relief valve by mod-
ifying its internal flow-path configuration. Unlike conventional geometric optimization
methods that rely on predefined parameters, the proposed approach enables automatic re-
distribution of the internal flow domain while maintaining the original external dimensions
and functional components. The optimized configuration was evaluated through transient
CFD simulations under experimentally derived pressure loading conditions, providing
a numerical framework for assessing the influence of internal flow-path design on rapid
pressure-relief processes. The proposed methodology provides a potential strategy for
improving internal flow configurations of hydraulic safety devices with complex flow
passages. The main conclusions are as follows:

(1) The topology optimization successfully generated a new internal flow-guiding struc-
ture without increasing the overall valve size. The optimized design redistributed the
internal flow passage by reducing ineffective flow regions associated with low-velocity
zones and complex flow structures.

(2) Under identical transient pressure conditions, the topology-optimized valve achieved
a cumulative discharge volume of 13.601 L, compared with 13.219 L for the original
valve, corresponding to an improvement of approximately 3%. The improvement
was mainly attributed to enhanced flow organization rather than an increase in the
available flow area.

(8) The CFD results demonstrated that topology optimization modified the internal pres-
sure and velocity distributions and reduced intense turbulent regions. The optimized
valve exhibited a more uniform flow field and weaker turbulence intensity, indicating
more favorable internal flow characteristics during transient discharge.

Although the improvement in cumulative discharge capacity is moderate, this enhance-
ment is obtained without changing the external dimensions, valve opening mechanism, or
major structural components of the existing pressure relief valve. For safety-critical devices
such as transformer PRVs, even a moderate increase in discharge capability can provide an
additional pressure-relief margin during extremely rapid internal fault events. Therefore,
the proposed method provides an effective approach for improving valve performance
through internal flow optimization rather than complete structural redesign.

The proposed methodology still has several limitations. The present CFD evaluation
was performed with the valve plate fixed at the fully opened position, which represents
the flow characteristics after valve opening but does not capture the transient interac-
tion between valve motion and fluid flow during the opening process. In addition, the
topology-optimized structure obtained in this study represents a conceptual flow-guiding
design and requires further engineering refinement before practical implementation. Future
investigations may focus on more comprehensive transient modeling considering valve
motion effects, experimental validation of the optimized configuration, and the develop-
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ment of multi-objective optimization strategies as well as both discharge performance and
hydraulic losses.
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