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Abstract: An internal arcing fault in an ultra-high voltage power transformer can release several tens of megajoules of
energy within tens of milliseconds, generating severe pressure shocks that pose a significant threat to transformer safety.
Effective and efficient pressure relief is essential to enhance the transformer's arc containment capability. However,
conventional pressure relief valves available on the market often fall short of protection requirements due to limitations in
venting capacity and structural strength. To address this issue, this study proposes a novel pressure relief valve design
featuring a significantly larger venting area and an innovative valve disk opening mechanism. First, the working principle
and key characteristics of the new valve are described in detail. Subsequently, both structural and fluid dynamics analyses
are performed to validate the design. A prototype valve is manufactured and evaluated through equivalent arcing tests and
simulations using a small-scale transformer tank. The rolling opening mechanism improves opening efficiency and reduces
the weight of individual disks. Moreover, the new valve exhibits a fourfold increase in oil flow rate compared to a valve
with 172 mm flange diameter. During arcing tests, the valve operates effectively and reseals successfully, allowing for
potential reuse. The tank's maximum and total deformation confirm that a single developed valve provides superior venting
performance compared to two smaller valves under identical arcing conditions. This study offers a valuable protective
solution for high-energy internal arcing faults in power transformers.
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1 Introduction

Power transformers serve as core components of electri-
cal grids, facilitating the generation, transmission, and end-
use of electric power. Ultra-high voltage (UHV) transform-
ers are particularly critical due to their role in efficient
long-distance electricity transmission and power regulation
[1, 2]. Hundreds of such transformers are already in opera-
tion in China’s power grid, with many more expected to
enter service in the near future.
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Internal arcing faults represent one of the most severe
and destructive failure modes in power transformers, hav-
ing been reported worldwide across various voltage levels
[3, 4]. During an internal arcing fault, substantial energy is
deposited into the insulation oil, causing rapid physical and
chemical decomposition of the surrounding insulating oil
into gases [5]. The abrupt gas expansion and significant
density difference between the generated gases and the oil
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create intense pressure shocks [6]. Conventional trans-
former tanks are generally unable to withstand such over-
pressure conditions [7]. Moreover, higher voltage levels
typically lead to greater energy deposition and more violent
pressure shocks, significantly increasing the risk of struc-
tural failure in UHV transformers [8].

While internal arcing faults are directly caused by de-
graded insulation performance of the oil, which can result
from multiple factors, and such faults are largely unpredict-
able and unavoidable [9]. As a result, various protection
technologies have been developed [10]. Electrical protec-
tion schemes, for instance, monitoring electrical parame-
ters and interrupting the current as quickly as possible, have
been developed and applied [11, 12]. However, even mod-
ern interrupting devices require several tens of millisec-
onds to operate, during which time tens of megajoules of
energy may be injected into the oil.

Designing transformer tanks as pressure vessels capable
of withstanding arcing-induced peak pressure shocks is im-
practical [13]. This would require wall thickness to in-
crease by an order of magnitude, leading to tank volumes
and weights that exceed transportation limits and prove
economically unfeasible. Therefore, effective pressure re-
lief is essential for arcing fault protection [14].

Venting area is a key factor influencing pressure relief
efficiency [15, 16]. Conventional pressure relief valves
(PRVs) used on UHV transformers typically have flange
port diameters of 133 mm and 172 mm [17, 18]. Compared
to the dimensions of a UHV transformer tank which is
roughly 10 meters in length and 4 meters in width, such
venting areas are too small to provide adequate protection
against high-energy arcing faults. Additionally, the com-
mon practice of mounting PRVs diagonally on the trans-
former cover reduces their effectiveness due to the in-
creased distance from the arc location.

Response speed is another critical parameter for effec-
tive pressure relief [19]. However, the inertia of a valve
disk can delay the opening action. While enlarging the disk
diameter increases venting area, it also increases disk
weight, which in turn can reduce opening efficiency [20,
21]. These limitations highlight the need for new PRV de-
signs.

A combined valve—membrane relief device has been de-
veloped to leverage the advantages of both PRVs and rup-
ture membranes [22]. Under moderate overpressure, it
functions as a conventional PRV, while under extreme pres-
sure, the disk ruptures and acts as a burst membrane to ac-
celerate pressure release. However, this approach results in
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a permanently open vent and introduces a subsequent fire
hazard. Alternatively, simply grouping several small con-
ventional PRVs can increase the total venting area. Yet, this
approach often leads to unstable and non-synchronized
disk opening, where interactions between adjacent disks
can cause mutual interference, compromising both reliable
opening and proper resealing.

To address these challenges, this study presents a novel
PRV design with an enlarged flange area and a rolling
opening mechanism. The working principle and detailed
design of the valve are first introduced. Computational
fluid dynamics (CFD) and finite element method (FEM)
analyses are then employed to investigate and optimize the
fluid and structural behavior of the valve. Finally, equiva-
lent arcing tests and simulations are carried out using a pro-
totype valve for validation. This study provides a practical
solution to high-energy arcing fault protection.

2 Principle and Design

In conventional direct spring-loaded disc pressure relief
valves, the pressure shock must drive the entire disc to open.
A major limitation of larger valves is their slower response,
which results from the increased mass of the disc. Moreo-
ver, complete separation of the disc from the flange com-
promises movement stability and jeopardizes resealing re-
liability.

In contrast, the proposed design employs a rolling-open-
ing mechanism, where each disc is hinged along one edge
to the flange. Furthermore, multiple discs are arranged
symmetrically in an array, which not only reduces the indi-
vidual mass of each disc but also allows the total venting
area to equal the combined area of all discs.

As illustrated in Figure 1, the novel valve consists of four
discs arranged in a circular configuration. Each disc is
hinged to the valve housing and held in place by springs.
When a pressure shock acts on the discs, they pivot around
the hinge in a rolling motion. This rolling mechanism, com-
bined with a larger valve body, requires only a small por-
tion of the disc area to be connected to the springs. As a
result, the remaining area can be structurally reinforced
with ribs, leading to an overall reduction in disc weight
compared to conventional pressure relief valves where ma-
jor disc contacts with springs. This reinforcement enables
the use of aluminum instead of steel for the discs, further
decreasing disk weight.

Figure 2 displays the detailed design of the new valve



Mechanical Science and Engineering 2025, 4(2): 19-29 21

and reinforced disk. Additionally, a plastic buffer is in-
stalled at the top of each disc to prevent over-rotation and
absorb rigid impact. The discs can achieve a maximum roll-
ing angle of up to 75°, significantly increasing the effective
venting area. A micro-switch is incorporated to generate a

trigger signal, and the valve outlets, located on the top, are
equipped with two symmetrically arranged self-operating
gates that protect the internal components from environ-
mental contaminants at normal condition.
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Figure 1 Principle of the new valve (a) closed state and (b) opened state

Each disk is in a shape of a quarter of a circle, and thus its dynamic response is expressed in Eq. (1).
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where w and 6 are disk rotation acceleration and angle respectively, M,, and M, are moment of pressure shock and

spring force respectively, p is pressure, R is disk radius, m is disk mass, I is disk rotational inertia, & is spring stiffness,

and d, is spring precompression distance.

Figure 2 Design of the new valve (a) total view and (b) reinforced disk

3 Structure Analysis

Withstanding pressure shocks and maintaining structural
integrity are fundamental requirements for the valve. In this
study, the valve design was validated through static finite
element analysis (FEA) under an equivalent constant pres-
sure. During an arcing event, peak pressure can be as high
as several tens of mega pascals, however, the peak shock
only lasts a few milliseconds and won’t damage the struc-
ture. Additionally, due to pressure relief, pressure on the
valve body is smaller than that on other part of the tank.

Thus, a uniform static pressure of 4 MPa was applied to the
valve, and the deformation and stress distribution of its key
components were evaluated. Beyond ensuring structural in-
tegrity, the total deformation of the valve must remain be-
low a critical threshold to guarantee reliable resealing after
an internal arcing fault.

The valve assembly was appropriately simplified for simu-
lation, while retaining all major structural components—in-
cluding the flange, valve disks, and valve cover. In accordance
with the actual installation conditions, the bottom surface of
the flange, which interfaces with the transformer tank cover,
was defined as a fixed support. The static pressure load was

http://www.mechscieng.com



22 Luo Liang et al.:

A study of a Novel Pressure Relief Valve for High-energy Internal Arcing Faults Protection on

Ultra-high Voltage Power Transformers

applied uniformly to both the flange and the valve disks. Fig-
ure 3 illustrates the FEA model of the valve and the corre-

sponding boundary conditions. The entire assembly was dis-
cretized using high-quality solid elements to ensure computa-
tional accuracy.

Figure 3 FEM model and boundary conditions

Figure 4 displays the overall deformation results of the
valve. With structural reinforcement applied to the valve
disks, the maximum deformation observed on the alumi-
num disk remains below 8.2 mm. Since the maximum
stress in the disk does not exceed its yield strength, the de-
formation is entirely elastic and will recover fully upon

Displacement

Valve
body

Disk

pressure release. This ensures that the valve can achieve ef-
fective resealing after operation.

The housing, meanwhile, exhibits a maximum defor-
mation of approximately 14.5 mm, located at the outlet re-
gion. This deformation remains within the acceptable struc-
tural limits, confirming that the main valve body can with-
stand the pressure shock without failure.

Stress
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Figure 4 Stress and displacement of the valve body and disk
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4 CFD Analysis

The pressure relief capacity of the valve was investigated
and compared using computational fluid dynamics (CFD).
A quarter-section of the valve model was simulated with
symmetric boundary conditions to reduce computational
cost. A transient analysis was performed with the disks in

(@ (b)

the fully open position, using an inlet pressure profile de-
rived from experimental data.

The fluid domain was discretized with polyhedral ele-
ments, while layered mesh refinement was applied to the
disks and side walls of the valve to enhance resolution and
improve calculation accuracy. Figure 5 illustrates the re-
sulting mesh model used for the simulation.
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Figure 5 CFD model of (a) developed valve, (b) cross-section view, (¢) commercial valve, and (d) inlet pressure curve

The maximum pressure in the developed valve is 1 MPa
compared to 2.1 MPa in a commercial valve with a diame-
ter of 172 mm. This also validates that static pressure as-
sumption in the structural analysis is reasonable. The oil

Velocity field

Velocit

Streamline 1 { T
3.728e+01
- 2.796e+01
1.864e+01
Developed
valve (400 IR
mm) 9.319e+00 [U] L1
0.000e+00
[m s7-1]
Veloci - " o "
Vector .
7.000e+01
|
§
5.250e+01
. W ~ Af
Commercial e RS
valve (172 3.500e+01
mm)
1.750e+01 i
s
i
0.000e+00 {ite
[msh1]

flow velocity is much slower than the commercial valve.
Moreover, there is not vortex flow in the new valve indi-
cating a smooth flow in the new valve.

Pressure field

Pressure
pressure

1.852e-01
! 8.868e-02

-7.803e-03
-1.043e-01
-2.008e-01
-2.973e-01
-3.938e-01
-4.902e-01

-5.867e-01
I -6.832e-01

-7.797e-01
[MPa]

Pressure
Plane 1

2.100e+06

1.275e+06

4.500e+05

-3.750e+05

-1.200e+06
[Pa]

Figure 6 Flow field and pressure field of the valve
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For comparison, a commercial pressure relief valve and a
rupture disk, both with a flange diameter of 172 mm, were also
modeled under the same inlet pressure condition. Figure 7 il-
lustrates the comparative flow rates of the proposed valve, the
commercial valve, and the rupture disk. As expected, the rup-
ture disk exhibits superior pressure relief performance com-
pared to a conventional PRV of the same flange diameter, due
to the absence of an obstructive disk structure. Furthermore,
the results confirm that increasing the flange area significantly
enhances venting capacity by fourfold.
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5 2500
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Figure 7 Flow rate of the valves and rupture disk
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6 Equivalent Arcing Experiments

A small-scale experimental transformer tank with a length
of 3.5 m and a width of 1.5 m was designed and fabricated
to conduct equivalent arcing tests under controlled condi-
tions, as shown in Figure 9 and Figure 10. The developed
valve and two traditional small PRV with a 172 mm flange
diameter were installed separately on the test tank and sub-
jected to identical arcing fault scenarios. An arcing energy
of 3.7 MJ is deposited in each experiment.

The developed valve demonstrated excellent perfor-
mance during the arcing experiment. Throughout the pres-
sure relief process, no ignition or fire was observed. After
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5 Prototyping

Both the structural and CFD analyses confirm that the
developed valve exhibits satisfactory performance, lead-
ing to the fabrication of a prototype for experimental val-
idation under arcing conditions. Figure 8 presents the key
components and the fully assembled view of the proposed
valve. The main structural parts are constructed from
Q235 steel, while the reinforced disks are manufactured
from 6061 aluminum alloy. Rubber seals are installed be-
tween the flange and disks to ensure effective sealing.

To maintain balanced movement during operation, dual
springs are arranged in parallel for each disk. These springs
compress and pivot synchronously as the disks roll open.
Additionally, rollers are incorporated at the spring connec-
tions to facilitate smooth rotation and compression
throughout the opening and closing cycles.

(b)

Figure 8 Prototype of the new valve with its key components (a) flange and closed disks, (b) opened disks and (c) valve assembly

the arcing, the valve successfully resealed itself, preventing
any further leakage of insulating oil and thereby eliminat-
ing the risk of subsequent fire and explosion. As shown in
Figure 11(b), post-experiment inspection confirmed that
the valve remained structurally intact, allowing for poten-
tial reuse in future applications.

As shown in Figure 11, tank strain measurements indi-
cate that the developed valve significantly reduces tank de-
formation, as reflected by the measured strain values, com-
pared to the smaller valve. Lower strain levels in the tank
suggest improved pressure relief capacity of the valve and
a reduced risk of tank fracture.
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Figure 10 Principle of equivalent arcing experiments
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Figure 11 Arcing experimental results

7 Arcing Simulation

A further validation of the developed valve and its pres-
sure relief performance is conducted numerically based on
an experimental transformer tank. Figure 12 shows the tank
and its FE model. The tank body is modeled with shell el-
ements following Johnson-cook material constitutive
model. The copper coils and iron cores are all considered
via solid elements with an elastic material model. Initially,
the tank is filled with insulation oil governed by Gruneisen
equation of state (Eq. (2)). The arcing source is simplified
as a TNT explosive and ignited at the start of simulation.
The TNT provides a pressure shock which can also presents
propagation in insulation oil as arcing pressure shock. The
entire simulation accounts 60 ms after ignition of the TNT,

Bushing flange

PRV

when the tank structure plastic deformation is completed.
To compared the effects of the developed valve, a small
valve with a flange diameter of 172 mm is utilized on the
same experimental tank in the arcing experiment with the
same arcing energy.

poctl {12

p= (o tawE  (2)

[1—(51—1)11—52#”—51—53(;:—31)2]

where P is oil pressure, C is the intercept of the curve (in
velocity units), S, S> and S; are the unitless coefficients of
the slope of the curve, y, is the unitless Gruneisen gamma,
a is the unitless, first order volume correction to y,, £ de-
notes the internal energy, and

p=Lt-1 3)

Po

Electrodes

Figure 12 Experimental tank simulation model
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(a)

() (d)

Figure 13 FE model of the developed pressure relief valve (a) closed state and (b) fully opened state, and a traditionally small valve (c) closed

state and (d) fully opened state

Figure 14 compares the valve disk movement of the
valves. With the developed valve, the tank deformation
peaks at the top cover of 24.5 mm being smaller than that
of the tank with two small PRVs of 29.5 mm. Total tank

Resultant Displacement
24. 52

()

0.08

172 mm

0.06

0.04

Tank Plastic Energy / MI

0.00 T T
0 20 40 60 80
Time / ms

Figure 15 Tank plastic deformation energy

22.07 I
19.61 _

plastic deformation energy, shown in Figure 15, also proves
that the developed valve shows better relief effect and re-
sults in less damage to the tank.

Resultant Displacement
29. 54
26.

(b)

Figure 14 Tank final deformation (a) with the developed valve and (b) with two small traditional PRVs

8 Conclusion

A novel PRV featuring a 400 mm flange diameter and a
rolling-opening mechanism has been successfully designed
and developed. Compared to conventional pressure relief
valves, the rolling-opening mode enhances dynamic re-
sponse and significantly increases the effective venting
area.

Structural analysis confirms that the valve withstands
static pressures up to 4 MPa without experiencing defor-
mations that would compromise its resealing capability.
CFD simulations demonstrate a fourfold improvement in
venting efficiency relative to a conventional valve with a
172 mm flange diameter.
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Arcing tests were conducted on a small-scale trans-
former tank equipped with different valve configurations.
The developed valve performed reliably throughout the
arcing event, successfully resealing the tank. Structural in-
spection confirmed its integrity, indicating potential for re-
use. Under identical arcing conditions, the use of two con-
ventional 172 mm PRVs resulted in higher tank defor-
mation, further validating the superior relief performance
of the proposed design.

A strong fluid-structure interaction simulation of the
equivalent arcing experimental conditions was employed
to evaluate venting effectiveness. The final deformation of
the test tank fitted with the developed valve was notably
smaller than that observed with two smaller valves, demon-
strating its enhanced protection capacity.

This study provides a practical and effective solution for
mitigating high-energy internal arcing faults in power
transformers.
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