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Leakage detection of oil tank using terahertz spectroscopy
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The necessity for safety in oil-gas storage and transportation has led to increasing technical requirements for on-line monitoring
of damaged pores and oil leakage from tanks. In this study, the severity of damage of the oil tank at the micron level was detected
by terahertz time-domain spectroscopy (THz-TDS), which is of great significance for the early detection and prevention of oil
leakage. The THz amplitude (EP) was related to the severity of damaged according to the THz-TDS measurement of oil tanks
with various degrees of damage, including intact, partially damaged, completely damaged, and seriously damaged points.
Absorption and scattering effects co-occurred when the THz wave penetrated the tanks, with the collective tendencies being used
to expressly monitor oil leakage from tanks. When the oil tank was damaged to form micron-level pores and the crude oil had not
overflowed, the pore size was close to THz wavelength and the Mie scattering effect was obvious. After further destruction of the
pores, the crude oil gradually spilled over and the scattering effect was gradually transformed from Mie scattering to Rayleigh
scattering. In addition, the polar molecules in crude oil have strong resonance under the irradiation of THz wave, and the THz
wave has strong attenuation. Eventually, surface tension of the oil flattens the surface of the tank, the scattering effect is gradually
suppressed and replaced by the absorption effect. Absorption and scattering caused by THz waves passing through tanks coexist
and have competing relationships. The change rule of EP can successfully prove the phenomenon and can be considered as an
important alternative for application to predict the degree of tank damage. Therefore, in this study, the detection of pores as small
as micrometers on the oil tank was expected to greatly prevent oil leakage accidents and improve the safety of oil and gas storage
and transportation.
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1 Introduction

Because oil tanks are essential for oil-gas storage and
transportation, safety assessment was a significant subject in
this field. As the continuous oil corrosion and the sediment
erosion, the damaged pores on the tank gradually expand,

which may cause oil leakage accidents if the damaged pores
were not detected early. The minimum pore diameter is
usually in hundreds of micrometers or several millimeters
when crude oil leaks from oil tanks, but the current com-
monly used technology is usually limited to detecting mil-
limeter-scale pores. In order to achieve the purpose of early
detection and prevention of oil leakage, this study focus on
the detection of micron-scale damages. The detection of
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micron-scale pores on oil tanks is significant to reduce
economic losses and avoid environmental pollution [1‒4].
It was challenging to accurately measure severity of oil

tank damage because of many factors, including human er-
ror, oil temperature, and equipment resolution [5‒7]. A
variety of measurement methods have been put forward to
diagnose the severity of damage. As the most widespread
and fundamental measurement method, manual measure-
ment of the liquid level’s height in the oil tank was an es-
sential part of the safety assessment. Although this method
operated efficiently, it was substantially affected by human
error and oil temperature. It was challenging to find the
micron-sized pores that were damaged on the tank. Tracer
detection was another standard technology to diagnose the
severity of damage of the oil tank. Tracer detection involves
injecting the tracer into the bottom of the oil tank and de-
tecting the tracer outside the oil tank. The advantages of this
technology included high resolution (micron-scale) and low
cost, but it may damage the oil tank and pollute oil during the
operation [8‒10].
In the last decade, acoustic emission testing (AET) has

been applied throughout the petrochemical industry [11,12].
Transient elastic waves were generated in the process of
material deformation. AET was used to detect, record, and
analyze the transient elastic waves and deduce the AE source
(oil tank) characteristics. The main advantages of AET in-
clude high resolution, real-time monitoring, and non-de-
structive testing. However, it was affected by the
environment such as electromagnetic interference, noise of
the fluid in the oil tank, rainfall, and wildlife or birds
perching on the tanks [13‒15].
A non-destructive testing technology with a high signal-to-

noise ratio and high sensitivity was required to detect the
severity of damage to oil tanks. As an optical technology,
THz-TDS had strong applicability in the oil field because of
its non-contact testing and intense interaction with organic
matter and water [16‒18]. In general, a photon is readily

absorbed when it has a similar energy level to the vibration
and rotation modes of the molecule. The vibration, rotation,
and transition frequencies of most organic compounds in oil
overlapped with the THz band [19]. When the THz wave
propagates in pores on oil-bearing rocks, the attenuation of
THz signal was primarily contributed by the absorption and
the scattering effect, which scattering is the major factor
[20]. According to the study of THz wave scattering by
mineral particles, the smaller particles (tens of micron) be-
have as Rayleigh particles in the THz band, while larger
particles (hundreds of micron) behave as Mie particles. The
attenuation of THz signal increases with increasing the size
of the particles [21]. THz-TDS technology has been applied
to detect the disaggregation of crude oil in a magnetic field,
evaluate the oil-water two-phase flow, and probe the pattern
transitions of the oil-water two-phase flow [22‒24].
THz-TDS technology has numerous practical applications

in the field of oil-gas storage and transportation, but it has not
been applied to directly detect the leakage of crude oil to
make more contributions to the safety of this field. In this
study, the severity of damage and oil leakage of simulated oil
tanks are detected by THz-TDS. The results suggest that
THz-TDS was a practical and sensitive technology for the
safety detecting of oil tank. It is meaningful for the safety in
oil-gas storage and transportation.

2 Experimental

The experimental equipment consisted of a transmission-
type THz-TDS system and a mode-locked femtosecond (fs)
Ti-sapphire laser (MaiTai) at repetition rates of 80 MHz, as
shown in Figure 1(a). The fs laser beam with a center wa-
velength of 800 nm is split into a pump beam and a probe
beam by a polarization beam splitter (PBS). The THz wave is
generated with a GaAs photo-conductive antenna activated
by the pump beam. The probe beam detects an electro-optic

Figure 1 (Color online) (a) Experimental setup of THz-TDS measurement; (b) four types of pores.
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effect through a detector made up of a ZnTe crystal. In ad-
dition, the delay unit can change time delay between THz
pulse and probe laser so that TDS, THz electric field as a
function of time, can be detected. The spot of the equipment
used in this experiment is 1 mm. Since water molecules can
absorb THz waves, THz-TDS technology is affected by air
humidity. Therefore, the air environment is first tested as a
reference signal before each detection. The THz-TDS was
obtained in a atmospheric environment with a humidity of
20% at 25°C.
Before using the THz-TDS technology to study the se-

verity of damaged pores and oil leakage, it is necessary to
reduce the influence of the oil tank material on the THz
wave. Therefore, in this paper, the polyethylene (PE) mate-
rial which is almost transparent in THz band was selected to
simulate the oil tank. The oil tank is a cuboid with a size of
100 mm×20 mm×10 mm, and the thickness is 3 mm. The
crude oil sample used in this experiment was obtained from
Venezuela with a viscosity of 540.89 mPa S and a wax
content of 0.01%. The diameter of the damaged pores on the
oil tank studied in this experiment is about 100 microns. The
pores on the oil tank are round, and as the severity of damage
increases, the pores gradually deepen, and the crude oil leaks
more. According to the depth of damage, oil tanks were
classified into four types: intact, partially damaged, com-
pletely damaged, and seriously damaged, as shown in Figure
1(b). For partially damaged pore, the oil tank had been not
penetrated and the depth of the pore was less than 3 mm, thus
there was no oil overflow. As the depth of the pore reached
3 mm, oil spilled out of the tank and filled the pore, but there
was no major leak, which was regarded as a completely
ruined pore. When the oil tank was penetrated and a large
amount of oil had overflowed, the severity of destroying was
defined as the seriously damaged. When THz wave irradiates
the damaged pore on oil tank, the scattering effect occurs. If
the pore is filled with oil, the oil will absorb THz wave and
suppress the scattering effect.

3 Results and discussion

Initially, a fundamental characterization of the THz dielectric
effects of 14 oil tanks was conducted, representing four types
of damage. The inset at the top of Figure 2 demonstrated a
function of time and THz signal EP. It was apparent that the
THz signal changed with the severity of damage of the oil
tank from two aspects, EP and time delay (τ). The EP for 14
oil tanks was extracted from the measured THz waveforms to
build a relationship between the transmitted signal and the
damaged severity of oil tanks.
The symbol-line graph in Figure 2 showed the EPs of 14 oil

tanks. The EPs were divided into four types that matched of
the severity of damage. An increase in severity of damage

was related to a downward trend in the EP and was divided
into three stages.
The EP decreased from 0.0074 to 0.0053 V during the first

stage when the oil tank changed from intact to partially da-
maged. This may be owning to the scattering occurred while
the surface of the oil tank became rougher with an increase of
severity of damage [25‒29]. For the second stage, the oil
gradually overflowed because of the oil tank’s change from
partial damage to complete damage. As the oil leakage in-
creased, the intensity of absorption effects increased;
meanwhile, the oil tank’s surface gradually flattened, and the
intensity of scattering effects decreased. Thus, for com-
pletely damaged pores, EP was determined by the absorption
effect of crude oil and the scattering effect of the surface.
Although the absorption effect reduced EP, the suppression
of the scattering effect on absorption increased Ep, and the
scattering effect was the dominant factor [30]. That led to an
increase in EP from 0.0053 to 0.0058 V. During the third
stage, the EP decreased with the rising severity of damage.
An increase in the oil leakage caused a variation EP of THz
signal from 0.0058 to 0.0027 V. This downward trend of EP
was more evident in the inset at the bottom of Figure 2. As
the oil tank was damaged, more oil leakage occurred, the
area of oil leakage even exceeded the area of the pores
(diameter: 100 µm). The vibrations and rotational transition
frequencies of most organic matter and bio-macro-molecules
are in the THz range. The THz wave interacts with the or-
ganic matter in the oil, resulting in the THz wave signal’s
attenuation. Based on the data, THz-TDS technology effec-
tively detected the severity of damage and oil leakage at a
micron-scale leak point of the oil tank.
In oil-gas storage and transportation, there was more than

one leak point on the oil tank. Accurately measuring the
number of micron-scale pores has been important for the
safety of oil-gas storage and transportation. The THz-TDS

Figure 2 (Color online) THz-TDS and EP for four types of damaged
severity.
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test results on oil tanks with a different number of pores are
shown in Figure 3(a). Since the focus of this study is the
detection of micron-scaled pores and oil leakage, the type of
pore selected in this experiment is completely damaged, but
the number of pores is increasing.
The TDS were plotted in Figure 3(a), with EP ranging from

0.0074 to 0.0042 V, corresponding to the oil tank with zero to
five pores. A difference in the spectra caused by the number
of pores on the same oil tank can be observed using TDS.
The EPs were extracted from TDS to represent the difference,
as shown in Figure 3(b). A substantial decline was shown
between the TDS parameters EP and the number of pores,
indicating that there was a THz signal loss effect for the
pores on the oil tank. Since the organic matter in oil had
strong absorption effects and features in the THz range, so
the EP value was lower for oil tanks with more pores in the
coverage of the spot. When the number of pores is greater
than 5 in the spot coverage, a pore group is formed in this
area, the leakage degree in this area is close to that of a single
seriously damaged pore, and its THz amplitude is also close
to that of a seriously damaged pore. Therefore, the number of
pores can be determined according to the relationship in
Figure 3(b). Consequently, EP is an important parameter to
the detection of oil leakage. The THz technique should be
promising as a supplementary tool for diagnosing the status
of the oil tank with micron-scale pores.
According to previous studies, the complexity of oil shows

that the origin, viscosity, and water content of oil will affect
oil response to THz wave. A simple model that explains the
transmission properties of the THz wave on the oil tank has
been established using the polyethylene (PE) plate and water.
There were four types of damage on the PE plate: intact (i),

partially damaged (ii), completely damaged (iii), and ser-

iously damaged (iv), corresponding to the four types of pores
on the oil tank, as shown in Figure 4(a). Some water was
dripped into the completely damaged pore (iii) and seriously
damaged pore (iv).
The state of the PE plate was shown in Figure 4(b). (i)

There were neither pores nor water in the intact area. The
THz signal loss was dominated by the PE plate’s absorption
when the THz wave irradiated this region. However, PE
material was almost transparent in the THz band, so there
was minimal THz signal attenuation. (ii) Because there was
no water in the partially damaged pore, there was little ab-
sorption on the PE plate. The surface of the damaged PE
plate was rough, which resulted in a strong scattering effect.
Hence, the scattering played a dominant role in the at-
tenuation of THz waves. (iii) The completely damaged pore
was full of water, affected by surface tension, so water did
not overflow from the pore, and the surface was flat. When
the THz wave was irradiated to this region, the THz wave’s
absorption and scattering coexisted in this region, and they
competed with each other [31,32]. As the content of water
increased, there was an increase in water-related absorption
effects. However, this will also cause the surface of the PE
plate to gradually become flat, so that the scattering effect
was suppressed. The scattering effect was the main factor in
these two effects. Thus, the suppression of the scattering
effect made the THz signal value increase. (iv) A large
amount of water overflowed as the PE plate was further
damaged, and the water had strong absorption with THz
wave. At this time, the absorption effect was the primary
factor of THz signal reduction. It can be seen from the model
that the absorption and scattering effects co-occurred when
the THz wave penetrated the PE plate. Another simulation
experiment was performed to investigate the contribution of
absorption and scattering to the loss of the THz signal.
In this experiment, since it took a long time to measure the

volatilization process of water and oil, in order to protect the
equipment, we replaced it with another THz time-domain

Figure 3 (Color online) (a) THz-TDS for the oil tank with various
numbers of pores; (b) EP of the TDS for the oil tank with various numbers
of pores.

Figure 4 (Color online) (a) A PE plate with four types of pores; (b)
schematic diagram of the transmission model of THz waves in oil tank.
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spectrometer with a more open structure. The signal-to-noise
ratio of this equipment was 43 dB, and its laser power was
higher than the previous one. The THz-TDS of air was ob-
tained as a reference. The intact PE plate with a length of
30 mm, a width of 30 mm, a thickness of 1 mm was placed
on a horizontal table. Then, 0.25 mL of water was dropped
vertically on the plate. After the water evaporated, a pore
with a diameter of about 0.5 mm was damaged on the PE
plate. The THz-TDS of the intact PE plate, the intact PE plate
with water, and the PE plate with pore were obtained, as
shown in Figure 5.
As shown in Figure 5(a), there was no apparent attenuation

of the intact PE plate’s peak intensity compared to the TDS
of air, which indicated that the intact PE plate was a trans-
parent material in the THz range. Because no pores were
present on the plate, the PE plate had no substantial effect on
the transmission of a THz wave when the water was dropped
on the intact PE plate. It is apparent that little scattering
occurred, and absorption of water played a dominant role
with the attenuation ΔEP of 0.00393 V. The PE plate was
damaged after the water evaporated, and the surface of the
plate was pitted, so the scattering was dominant and there
was almost no absorption with the maximum attenuation ΔEP
of 0.01125 V. Therefore, the effect of scattering contributed
greater attenuation of THz signal than the impact of ab-
sorption.
An experiment was conducted in which water was con-

tinuously dropped onto a PE plate with a micron-scale pore
to verify the correctness of the model. The THz-TDS was

continuously obtained during the increase of water content
with results shown in Figure 5(b).
For the initial state (EP=0.0133 V), the water-free pore on

the PE plate was pitted, which led to severe scattering of the
THz wave. During the test, more water was dropped into the
pore and the intensity of absorption effects increased. The PE
plate’s surface gradually flattened, and scattering effects
decreased. However, scattering contributed more to the THz
signal’s attenuation than absorption. Therefore, the EP in-
creased to 0.0138 V during the first stage because of the
inhibitory effect of absorption on scattering. During the
second stage, as the water content increased, water over-
flowed and absorption dominated. There was almost no
scattering on the PE plate with the minimum EP of 0.0118 V,
which was consistent with analysis of the model.
The experiment was repeated with oil instead of water to

ensure that the model was also applicable in oil-gas storage
and transportation. The result was shown in Figure 5(c). As
shown in Figure 5(c), EP’s trend was in close agreement with
the experimental result. The variation can be divided into
two stages based on the changing tendency. Because of the
inhibitory effect of absorption on scattering, the EP increased
in the first stage with a value from 0.01685 to 0.01715 V.
However, the EP rapidly decreased with the rising oil content
during the second stage. The THz wave mainly interacted
with the organic matter in the oil. The vibrations and rota-
tional transitions of most organic matter and bio-macro-
molecules were addressed in the THz range. The interaction
between the THz wave and the organic matter caused the EP

Figure 5 (Color online) (a) THz-TDS of air, the intact PE plate, the intact PE plate with water, and the PE plate with pore. The EP of PE plate with varying
content of (b) water and (c) oil at different times.
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to decrease. A conclusion can be drawn that the above model
was applicable in oil-gas storage and transportation.

4 Conclusion

In summary, THz-TDS was used to investigate the severity
of damage and oil leakage from oil tanks. The EP strongly
depended on the oil tank’s severity of damage and decreased
as the pores expanded from intact pore to partially damaged
pore. After that, the oil content increased with pore expan-
sion, resulting in an initial increase of EP followed by a
decrease of EP. THz-TDS analysis shows that the THz
wave’s transmission properties on the oil tank with micron-
scale pore were considered and modeled. The model sug-
gested that the attenuation of EP was because of absorption
and scattering, which played a more critical role. Another
simulation experiment was performed to prove the correct-
ness of the model. The experimental results showed that the
model could thoroughly explain the THz wave’s transmis-
sion properties on the oil tank with micron-scale pores.
These results were crucial for the improvement and devel-
opment of THz-TDS technology and played an auxiliary role
in the field of oil-gas storage and transportation.
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