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ABSTRACT 
This paper analyses the activation of two mechanical depres-
surisation devices, the transformer protector (TP), a leading 
example of a fast tank depressurisation technique (FTDT) 
and the pressure relief valve (PRV) during an internal arc on 
a transformer installed at the JSC RusHydro Boguchanskaya 
Hydro Power Plant, located in Krasnoyarsk Krai, Russia. The 
incident occurred on a 400 MVA three phase transformer 
on the 3rd May, 2013. Using all the available data, including 
SCADA records, dissolved gas analysis and voltage/current 
measurements, computational simulations were performed 
to study the dynamic pressure evolution and static pressure 
build up inside the tank. Simulation results on tank protec-
tions were analysed in the context of general arcing events. 
This incident demonstrates that the first dynamic pressure 
peak due to the arc quickly activates the FTDT, while the PRV 
activates with static pressure only.

Introduction

On the 3rd May, 2013, a fault occurred on a transformer 
installed at the JSC RusHydro Boguchanskaya Hydro 
Power Plant, located in Krasnoyarsk Krai, Russia. The 

incident occurred on phase B of the transformer T2 which 
is a three-phase transformer manufactured on the 26th June, 
2008, and in operation since the 11th May, 2012. 

T2 has a nominal capacity of 400 MVA but was operating at 
360 MVA. A schematic of the transformer can be observed in 
Figure 1. Transformer T2 was equipped with a TP and a PRV. 
During the investigation, it was observed that the transfor-
mer differential protection, the Buchholz relay, the PRV, and 
the TP were activated.

 

Tank depressurisation 
Successful operation during short circuit on a 400 MVA transformer during 
operation  and comparison of parameters recorded during transformer in-
ternal arcing event with computational simulations 
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Analysis of the event

A) SCADA

According to the SCADA data in Table 1, the transformer dif-
ferential protection registered a signal at 19:08:57.110 through 
a warning associated with its 220 kV windings. However, the 
transformer protector activation signal was first registered 27 

Table 1: SCADA list of events

ms prior. Because the TP activation must succeed the fault, the 
fault is estimated to be at 19:08:57.078, roughly 5 ms prior to the 
TP activation. Therefore, the transformer differential protection 
signal was registered 32 ms after the estimated fault origin. The 
PRV activation signal was detected 71 ms after the estimated 
fault origin. Finally, the circuit breaker fully open signal was de-
tected 97 ms after the estimated fault origin.

Due to some contradictory data between the oscillograph vol-
tage and current measurements and the SCADA described in 
the ‘Short circuit energy’ section of this paper, we have doubts 
regarding the ability of the SCADA to timely follow all events.

Time Events Pressure Calibration Time after estimated short circuit origin 
(milliseconds)

19:08:57.078 Estimated Short Circuit Origin 
(Currently Under Investigation) 0

19:08:57.083 TRANSFORMER PROTECTOR 
ACTIVATION

1.2 bar Atmospheric, 17.63 
psi 5

19:08:57.110 Transformer Differential 
Protection 32

19:08:57.149 Pressure Relief Valve Operation 0.8 bar Atmospheric, 11.75 psi 71

19:08:57.175 Circuit Breaker Fully Open 97

Omar AHMED and Anne GOJ

During the investigation, it was obser
ved that the transformer differenti
al protection, the Buchholz relay, the 
pressure relief valve and the transfor
mer protector were activated
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B) Short circuit location

The short circuit location was identified, among other factors, by 
burnt cardboard insulation (Figure 2) as being associated with 
the B phase of the high voltage windings (Figure 3). The arc length 
was estimated by the transformer manufacturer to be 1 m long by 
locating burnt sections of the windings.

Dissolved gas analysis

In Table 2, we see the dissolved gas analysis for the transformer 
T2. Using the data associated with the date 03.05.13, we may cha-
racterise the fault. 
The DGA suggests that the arc may be classified as D2, which cor-
responds to a high energy arcing event. Because the lines do not 
strictly intersect, further validation would be useful. An alternati-
ve classification system, known as the Rogers’ Ratio, is defined in 
an IEEE standard, shown in Table 3 [1]. 

Based on Tables 2 and 3, we determine the following gas ratios:

18    
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Figure 2: Burnt cardboard insulation

Figure 3: Location of short circuit

Table 2: Dissolved gas analysis for transformer T2

H2 CH4 C2H4 C2H6 C2H2 CO2 CO O2 N2

Hydrogen Methane Ethene Ethane Ethyne
Carbon 
Dioxide

Carbonic 
Monoxide

Oxygen Nitrogen

Boundary 
Concentration %

0,01 0,01 0,01 0,005 0,001 0,2 0,05 2

 28.1.2013 0,00024 0,00004 0,00002 0,00003 Absent 0,0066 0,0028 0,0147 0,3204 0,34

  3.5.2013 0,0777 0,04731 0,0873 0,00818 0,07269 0,0132 0,0161 0,0901 1,749 2,16

Relative 
Concentration

6,96 4,24 8,49 1,62 68,26 0,02 0,26

V Relative % 
Month

9880 36176 133592 8316 31 147 157 137

Gas Concentration %

Analysis date
Total gas 
content

Observed failure traces helped 
to locate the short circuit in the 
B phase of the high voltage win
dings. The arc length was estima
ted by the transformer manufac
turer to be 1 m long by locating 
burnt sections of the windings

„
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Using Table 3, we may characterise the fault as a high energy 
arcing event. The IEEE standard defines arcing temperatures as 
being between 700 K and 1800 K. The confirmation from the 
Duval algorithm suggests that the temperature is near or in ex-
cess of 1800 K, Figure 4.

Short circuit energy
The arc energy is defined in terms of the voltage (U), current (I), 
and time (t) as follows:

In Figure 5 we see the electrical measurements taken 2 ms pri-
or to the short circuit. This information will be used as it is the 
closest set of measurements acquired to the fault.

www.transformers-magaz ine .com   19         

Table 3: Rogers’ Ratio interpretation method

Figure 4: Duval triangle for dissolved gas analysis

Figure 5: Display of electrical measurements during 2 ms prior to the short circuit

Case C2H2/C2H4 (R2) CH4/H2 (R1) C2H4/C2H6 (R3) Suggested Diagnosis

0 R2 < 0.01 R1 < 0.1 R3 < 1.0 Normal

1 R2 >= 1.0 0.01 <= R1 < 0.5 R3 >= 1.0 Low Energy Discharge

2 0.06 <= R2 < 3.0 0.01 <= R1 < 1.0 R3 >= 2.0 High Energy Discharge

3 R2 < 0.01 R1 > 1.0 R3 < 1.0 Low Temperature Thermal

4 R2 < 0.10 R1 > 1.0 1.0 <= R3 < 4.0 Thermal < 973 K

5 R2 < 0.2 R1 > 1.0 R3 >= 4.0 Thermal > 973 K

For interpretati on 
of dissolved ga   ses, 
Rogers Ratio me
thod and Duval tri
angle were used.

(2)
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Figure 7: Relation between arc voltage and arc length

Figure 6: Display of electrical measurements in the short circuit

 From this figure, the high voltage phase B current peak, Ib_BH, 
is 4.526 kA. From information provided by the transformer ma-
nufacturer, the maximum current on phase B is 4.492 kA. For the 
purposes of this paper, the short circuit current is assumed to be 
4.5 kA. However, we are also interested in the voltage across the 
short circuit. These measurements include information on the 
low voltage side, Ub_HH, but not on the high voltage side. 

One measured potential difference related to phase B of the high 
voltage windings is 31 kV. It is uncertain across which two points 

this potential is measured but let us assume that the two points 
correspond to the two terminals of the short circuit. Two possi-
ble situations are that it represents an RMS value or a maximum 
amplitude. If we assume that it is a maximum amplitude, the arc 
voltage is roughly 31 kV.

If this value is an RMS value instead, it can be assumed that the 
voltage across the short circuit is 31√2 kV = 43.84 kV. Another set 
of measured potential differences is in Figure 6, where a line vol-
tage associated with phase B has a maximum amplitude of 45.37 
kV. This is consistent with the interpretation of the value being an 
RMS voltage. Let us therefore average these two values: 44.6 kV.

In this paper, we will consider both values, 31 kV and 44.6 kV. We 
remark that an empirical measure for the arc voltage in terms of 
arc length has been proposed [2]. This is shown in Figure 7.

Data from SCADA system show 
the arc duration of 97 ms and 
oscillographs of the voltage 
and current measurements 
show the arc duration of 65 ms. 
The oscillograph data is con
sidered much more reliable, 
hence the estimated arc dura
tion was 65 ms

„



www.transformers-magaz ine .com   21         

Figure 8: Rupture disc of the transformer protector

Kawamura uses the upper bound as the more appropriate esti-
mate for the arc voltage. For an arc clearance of 1 m, this implies 
a voltage of up to 16.66 kV. This is within the same order of ma-
gnitude of our values, however more consistent with the 31 kV 
value.

The SCADA is the electrical output detailing diagnostic events 
for the transformer. In Table 1 we see a subset of the SCADA data 
pertaining to critical events. Using this data, we identify the arc 
duration, the difference between the circuit breaker fully open 
signal and the estimated fault origin to be roughly 97 ms long. 
However, the oscillograph of the voltage and current measure-
ments indicate that the arc duration is 65 ms. Because the sam-
pling frequency of the SCADA will be of much lower resolution 
than the sampling frequency of the oscillograph data, the oscillo-
graph data is considered much more reliable. Therefore, we will 
use the 65 ms figure to represent the duration of the arc.

We will assume that the stated values for the peak amplitudes of 
the arc current and voltage are constant across this arc duration 
and that the voltage and current oscillate at a 50 Hz frequency (f).

The AC current and voltage can be described as proportional to 
sin (2 π f t + φ), where φ is the phase. It is difficult to determi-
ne the precise phase of the voltage and current at the beginning 
of the arc. This paper assumes that both the current and voltage 
start at a phase of 0.1 radians (therefore, approximately 10% of its 
maximum value). Using equation 2: 

At the CEPEL laboratory an experimental test campaign was 
performed on a series of transformers subject to internal arcs 
(11). These experiments have determined the following depen-
dence for the relationship between the arc energy and generated 
gas volume:

 
Specifically, a 6.586 MJ arc produces a gas volume of 3.11 m3 at 
standard temperature and pressure.

Rupture disc aperture

The top layer of the rupture disc is open at roughly 90% the ma-
ximum cross section, Figure 8. This result is consistent with a 
strong arc.

Computational fluid dynamics (CFD) 
simulation background

We are interested in modeling the propagation of pressure waves 
in transformer oil when subject to internal arcing events. Such 
phenomena are modeled as a 3D compressible two-phase flow, 
using a set of partial differential equations based on a 5 equati-
on model developed in [4] and described in equations 10a - 10e. 
These equations represent the conservation of mass (ρ), momen-
tum (ρυ), and energy (E), as well as the advection of the volume 
fraction (α) for each phase. Source terms relating to gravity (g), 
viscosity (μ), and heat conduction (T) are added in the conserva-
tion equations to adhere to physical constraints. 

The arc energy may be somewhat larger or smaller than these va-
lues, depending on the phase of the current and voltage. We will 
use the higher energy of 6.586 MJ for all presented simulations 
as it is the worst case scenario, therefore the most problematic. 

Generated gas volume 

One paper uses a simplified set of reactions: as oil breaks down, 
H atoms CH3 radicals recombine to produce gases such as H2, 
C2H2, CH4, and C2H4, given a gas temperature T [3]. The simpli-
fied model is shown in equations 6-8

Defining: T = 65 ms, f = 50 Hz, φ = 0.1, Imax = 4.5 kA, Umax = 31 kV, 
we arrive at the following arc energy:

Alternatively, defining: Umax = 44.6 kV, we have the following va-
lue for the arc energy:

The arc energy was estimated 
by two methods as 4.578 MJ 
and 6.586 MJ. As the worst case 
scenario, the higher value was 
used in simulations

„

(3)

(4)

(5)

(6)

(7)

(8)

(9)



This model was selected to accurately depict the pressure wave 
propagation inside liquids and gases. A finite volume algorithm 
is adopted to transform the system of differential equations into 

algebraic equations. The fluxes across cell boundaries are deter-
mined by the Godunov Riemann solver. The volumes are defi-
ned by an unstructured 3D mesh to allow a precise description of 
complex geometries such as transformer tanks. 

The experimental test by CEPEL was simulated in order to ve-
rify the mathematical model developed for arc-induced dynamic 
pressure peak within transformers [5].

Originally developed and presented, HYCTEP (HYdrodynamic 
Code for Transformer Explosion Prevention) is implemented as 
a hydrodynamic numerical tool for computational fluid simula-
tions [6]. The mesh used to discretise the transformer geometry 
has up to 139,794 tetrahedral elements, and is shown in Figure 9. 

The transformer oil and its vapour are represented as a stiffened 
gas fitted to the mineral oil dodecane (Table 4).

Included on the geometry are a TP and a PRV. The TP DC is 300 
mm in diameter, and the PRV 150 mm. The PRV is set to open 
at 0.8 bars above atmospheric pressure, and the TP rupture disc 
opens at 1.2 bars above atmospheric pressure.

The arc parameters used in the simulation are listed in Table 5 
and energy is injected using HYCTEP’s arc model 4, which gua-
rantees that the total power input is determined by the product of 
the voltage and current throughout the arc region.
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Figure 9: Transformer model in the hydrodynamic numerical tool for computational fluid simulations

Table 4: Fluid parameters for usage in simulations

TRANSFORMER PROTECTION

The propagation of pressure 
waves in transformer oil when 
subjected to internal arcing 
events was simulated by com
putational fluid dynamics

„

p∞	  (Pa) Cp	  (J	  kg
-‐1	  K-‐1) Cv	  (J	  kg

-‐1	  K-‐1) γ q	  (J	  kg-‐1) q’	  (J	  kg-‐1K-‐1)

liquid 4	  ×108 2534 1077 2,35 -‐755	  ×103 0

vapour 0 2005 1956 1,025 -‐237	  ×103 -‐24	  ×103

(10a)

(10b)

(10c)

(10d)

(10e)



CFD simulation results 
 
In Figure 10 the average tank pressure is visualised for the four 
simulated cases in the case of arc energy of 6.586 MJ. It can be 
observed that for both cases with a TP, the tank is rapidly depres-
surised. For the case of T2 with both a TP and a PRV, the average 
tank pressure first drops below the approximate static withstand 
limit of the tank (2.2 bars) after 125 ms. 

With neither a TP nor PRV, the average tank pressure approaches 
a steady state of roughly 15.6 bars, more than seven times the sta-
tic withstand limit.

In Figure 11 we see the pressure evolution under the three most 
distinct cases. This figure reinforces our observations for Figure 
10. The transformer with a TP only is safely below the static with-
stand limit by 150 ms in contrast to the case of the transformer 
with only a PRV and particularly the sealed tank.

Conclusion

A fault was identified in transformer T2, with a 400 MW capacity 
at the Boguchanskaya HPP, equipped with a TP. No permanent 
damage to the tank was observed.

Due to the dissolved gas analysis, the fault was identified as a high 
energy arcing event through the insulation. From observations 
of the current and voltage data, the energy of the short circuit is 
approximately 6.586 MJ. 

Using this knowledge, we attempted to model the sequence of 
events through a CFD simulation. This in-house simulation tool 
is designed to model pressure wave propagation in a two pha-
se compressible media. Observing burnt areas of the insulation 
allowed us to approximate the spatial extent of the arc. Using a 
schematic of the transformer, a mesh was generated to discretise 
the geometry.

Four simulation cases were run: 1. transformer T2 with both a 
TP and a PRV, 2. T2 with only a TP, 3. T2 with only a PRV, and 4. 
a completely sealed T2. The two cases including a TP behaved si-
milar although the tank with both the TP and PRV depressurised 
below the static withstand limit by 125 ms. In contrast, the case 
with only a PRV did not depressurise below the static withstand 
limit until 461 ms. The sealed tank reaches a steady state of 15.6 
bars, likely leading to a rupture.

We observe that the first dynamic pressure peak due to the arc 
quickly activates the TP while a sustained pressure for a durati-
on roughly 14 times longer is necessary to open the PRV, which 
therefore activates with static pressure only.

We may conclude that the inclusion of the TP allowed the tank to 
depressurise very quickly, saving the transformer from explosi-
on. This conclusion has been attested by RusHydro through a TP 
Successful Activation Certificate [7].

In contrast, for the case with only a PRV, the average tank pres-
sure does not drop below the static withstand limit until 461 
ms, a duration more than three times as long as the case inclu-
ding the TP. 

The simulations were run for up to 900 ms with a time step of 10-6 
s.  Four cases were run:

1) The actual case where transformer T2 has both TP and PRV
2) T2 only has a TP
3) T2 only has a PRV
4) T2 is completely sealed

Max	  Current Max	  volatge Duration Phase

4.5	  kA 44.6	  kV 65	  ms 0.1

Figure 10: Average tank pressure for simulated cases with the arc energy 
of 6.586 MJ

Table 5: Arc parameters

For the case of the transformer 
with both a transformer protec
tor and a pressure relief valve, 
the average tank pressure first 
drops below the approxima
te static withstand limit of the 
tank (2.2 bars) after 125 ms

With neither a transformer pro
tector nor pressure relief val
ve, the average tank pressure 
approaches a steady state of 
roughly 15.6 bars, more than se
ven times the static withstand 
limit likely leading to a rupture

„

„
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Figure 11: Pressure evolution in three most distinct cases
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TRANSFORMER OIL PROCESSING 
& DRY OUT SYSTEMS

•	 Compact units for tight spaces and online/
offline service

•	 High flow rate units for large transformers 
available with accessories (75-6000 gph)

•	 Designed to process electrical insulating, 
mineral, synthetic and natural ester oils

•	 Factory and/or field use
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