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H I G H L I G H T S

• Dual-energy technique for contrast enhancement of pipeline computed tomography.
• Proactive pipeline condition monitoring with dual-energy LNDCT offers significant advantages.
• Monte Carlo simulations were employed to optimize the dual-energy LNDCT system.
• Innovative limited-number-detector computed tomography (LNDCT) technology was applied for image formation.

A B S T R A C T

Fluid transmission pipelines are prone to corrosion and sediment deposition due to the
nature of the materials they carry. Deposits inside of the pipeline may worsen corrosion,
leading to micro-cracks and pitting. Neglecting to assess these factors can lead pipelines
to failures with catastrophic consequences. Therefore, monitoring and measuring corro-
sion, erosion, and sedimentation levels within pipelines are crucial. Various methods have
been developed for this purpose, with techniques using penetrating X-rays and gamma
rays being the most accurate and non-destructive. In this study, gamma-ray dual-energy
computed-tomography was utilized as a precise and non-destructive method for detecting
corrosion in pipeline walls. Projections were obtained using the Limited-Number-Detector
Computed Tomography (LNDCT) technique for pipeline phantoms. Dual-energy tech-
niques were employed, emitting gamma rays from suitable radioactive isotopes such using
two radioisotopes, Am-241 and Cs-137. Projections at different angles were recorded using
15 NaI(Tl) 2-inch detectors, and the corresponding full-energy-peak were separated and
organized in the sinogram matrix. Subsequently. Image reconstruction was performed
using the Filtered-Back-Projection (FBP) algorithm, and the quality of the reconstructed
image was assessed. The reconstructed images demonstrate the effectiveness of the
dual-energy method in distinguishing between light and heavy materials, potentially
leading to higher image quality compared to single-energy methods. Detailed analysis of
the data obtained from dual-energy tomography enables precise identification of defects,
failures, and sedimentation, without damages to pipeline structures. This research
contributes to enhancing the evaluation and monitoring methods for pipelines, improving
the efficiency of these systems, and ultimately advancing safety and productivity in the
oil and gas industry.
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1 Introduction

In the oil, gas, and petrochemical industries, deposits and
corrosion pose serious problems for pipeline transporta-
tion systems (Kamal et al., 2018; Zahedzadeh et al., 2014).
Significant volumes of chemicals leak from pipelines ev-
ery year as a result of corrosion, endangering the environ-
ment or causing pipeline explosions. Deposit formation in

pipeline veins lowers fluid flow volume and speeds up ero-
sion and corrosion, which causes further damage. A good
way to gauge and quantify corrosion is to take a mea-
surement of the pipeline wall’s thickness. For this goal,
a number of non-destructive techniques have been devel-
oped; gamma ray attenuation, also known as X-ray pene-
trating radiography, is one of the most successful (Harara,
2005; Rostron, 2018; Azaman et al., 2016; Prasetyo et al.,
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2020; Zirnhelt et al., 2003; Oliveira et al., 2015). Gamma-
ray tomography equipment has recently been available for
cross-sectional imaging within pipelines. Kabir et al., in-
troduced the limited-number-detector computed tomogra-
phy (LNDCT) with a novel projection acquisition method
(Kabir et al., 2024). With this method, silt thickness in
pipelines may be measured without requiring shutdowns
or discharge, giving pipeline system managers a proac-
tive and accurate way to evaluate the condition of their
pipes. These devices use 360-degree gamma-ray attenu-
ation around the pipeline to produce projections, which
are then followed by picture reconstruction (Kim et al.,
2011). Nevertheless, these systems have a limited number
of detectors, which results in less-than-ideal image qual-
ity. As a result, a lot of study has been done on ways to
either enhance image quality or make up for missing de-
tectors (Kim et al., 2011, 2012a,b; Khorsandi and Feghhi,
2016). Numerous studies have examined the use of Monte
Carlo simulation for pipeline tomography parameter eval-
uation (Ay and Zaidi, 2005; Velo et al., 2017; Smith et al.,
2022). The primary area of feasibility study in this re-
search is dual-energy approaches, which can improve the
performance of single-energy scanning devices, especially
when working with nearby light and heavy materials like
scales or the insulation surrounding oil and gas pipelines.
To produce an image, common systems now in use only
use one gamma-ray emitting source and one photopeak
(Chung et al., 2023). Insufficient distinction is made be-
tween light and heavy elements in this kind of single energy
tomographic image.

To enhance the most important image quality parame-
ters like contrast and contrast-to-noise ratio and also hav-
ing better analysis by discriminating materials lead us to
propose and design dual-energy limited-number-detector
feasibility study. In this way, this paper focused on the
optimum design of and configuration to implement dual-
energy LNDCT by a reliable approach of collecting low-
energy (LE) and high-energy (HE) signals from detectors
simultaneously. Monte-carlo simulation as a powerful tool
was employed to study different aspects of dual-energy
method for pipelines LNDCT.

Figure 1: Gamma-ray photon transport through pipeline
phantom.

2 Materials and Methods

2.1 Monte Carlo Modelling

One of the most precise techniques for modeling of ionized
radiation and transporting high-energy photons intracting
with matter and predicting radiative parameters is Monte
Carlo (MC) simulation (Srinivas-Rao et al., 2023; Hartley-
Blossom and Digumarthy, 2023). In a typical MC photon
tracking code, gamma-ray photons at high and low ener-
gies are generated in source according to their different
probabilities of emission. After traveling through the ma-
terial, the photons reach the detector and are recorded
and monte-carlo calculation terminates when a particle
reaches to its energy or place cutt-off. The intensity (flux
or fluence) of photons that enter the detector within the
energy ranges given by the tally detectors is measured in
order to calculate our interest radiation parameter such as
flux, current, energy etc. (Böttcher et al., 2023).

It takes a lot of time to simulate the whole process of
creating and running the 360-degree codes. As a result,
a computer program was created to create the input files
for the Monte Carlo code using a predefined template be-
cause of the huge number of inputs and high volume of
outputs produced by the code. Following the execution of
the programs for each angle, the results are kept apart in
a folder. In the meantime, each detector’s recorded data
from the tally detectors is extracted of the outputs and
saved as an angle-tagged matrix. The outputs at each
angular position, corresponding to the measured projec-
tions, are sequentially concatenated to form the sinogram
matrix, a two-dimensional representation of the projection
data. This sinogram serves as a comprehensive dataset
encompassing the spatial variations of the attenuated sig-
nal across all viewing angles. Once the sinogram is fully
assembled, advanced reconstruction algorithms, such as
filtered back-projection (FBP) or iterative techniques, are
applied to transform the projection data into a detailed
cross-sectional image of the internal structure. This recon-
struction process effectively maps the attenuation coeffi-
cients, yielding a high-resolution tomographic image that
provides insight into the material’s internal composition.
Figure 1 shows a visual transport of Cs-137 gamma-ray
photons which pass through pipeline and recorded on de-
tectors. The main components implemented in the code
is gamma-ray emitter source Cs-137, test phantom of a
carbon steel pipe and anhydrite scale deposited in there
as defined in section 2.3 and 15 NaI(Tl) detectors places
on the curve line exactly in front of detector field-of-view
(FOV) and there is nothing between two adjacent detec-
tors. The beam shape is controlled by source bias card to
prevent unwanted MC calculation as a variance reduction.
The monte-carlo calculation continued to reaching > 5%
relative error.

The validation of our simulation was conducted
through an experimental setup. Gamma-ray sources were
positioned within a lead collimator that produces a fan-
beam with a vertex angle of 40 degrees and a beam width
of 3 mm. A two-inch NaI(Tl) sodium iodide detector was
employed, encased in a lead shield to minimize background
radiation and block scattered rays. The positioning and
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Figure 2: Schematic process from signal acquisition to image reconstruction for dual-energy LNDCT.

angular orientation of the sodium iodide cylindrical detec-
tor are configured such that radiation enters the detector
exclusively through its flat surface, where pulse heights are
recorded. Furthermore, the physical window for radiation
entry is specifically designed and optimized to register and
count only the radiation with a zero-degree angle (origi-
nating from photoelectric interactions). The experimental
setup included two distinct phantoms: a 3 mm thick car-
bon steel pipeline and a 6 mm thick aluminum pipeline,
both of which contained a hollow Teflon cylinder with a
thickness of 2 cm.

2.2 Dual-Energy Method

Dual-energy (DE) gamma rays are released from the
source and travel via a pipeline and any other medium in
their course before reaching at detectors positioned on a
curved trajectory and being recorded, as shown in Fig. 2.
Data from all 15 detectors, which are 2 inch-sized NaI(Tl)
detector, are recorded at each primary angle θ. The pro-
jections are then extracted around the pipeline using the
energy separation module for high (HE) and low energies
(LE) (Fig. 3). The sinogram matrix is then created by
contrasting the projections that were acquired from the
LE and HE signals. The filtered-back-projection analyt-
ical reconstruction algorithm is then used to reconstruct
each matrix into a tomographic image, which is subse-
quently shown on the computer. Projection data acqui-
sition is carried out by an automatic program. In the
program using an input template of MC code in for ex-
ample θ = 0◦, the other 359◦ input files will generate.
Then each prepared code executes automatically one by
one. The output file then readout by another computer
program and projection data (tallies on detectors) will be
extracted.

2.3 Test Phantom

Since pipeline tomography and evaluation are the ultimate
uses for this approach, the following definition of a phan-

tom was established: Phantom A: pipeline constructed of
carbon steel with an outside diameter of 15 cm and a wall
thickness of 3 mm. The scale deposits are composed of
1.2 cm thick CaSO4 (anhydrite). The material charac-
teristics of the test and evaluation phantom used in the
Monte Carlo code are shown in Table 1.

2.4 Sources

Due of the higher relative density of the materials tra-
versed by the radiation, Phantom was irradiated using
two gamma emitter sources: Am-241 and Cs-137. Ta-
ble 2 displays the energy specifications of the sources that
were used. In this Monte-carlo feasibility study, the activ-
ity of the sources is not considered but the probability of
emission is considered equal for both Cs-137 and Am-241
gamma ray sources. Am-241 source’s gamma ray energy is
about 60 keV which has low penetration power in materi-
als. So, it used for thin pipeline wall or low atomic number
materials like aluminum. The half-value-layer (HVL) for
steel and aluminum are 3.35 cm and 0.415 cm respectively.
Based on the typical standards, 10% of the photons reach-
ing to the detector are acceptable. Considering the equal
probabilities of gamma-ray emission from Cs-137 and Am-
241 sources, in the Monte Carlo code, it is assumed that
the sources have identical activity levels compared to the
actual conditions.

Table 1: Material used in MC study.

Material Density (g.cm−3)

Anhydrite (Calcium Sulphate) 2.80
Carbon Steel 7.82

Table 2: Gamma-ray emitter sources used in the feasibility
study of the dual-energy method.

Radioisotope Effective γ Probability Half-life
Source Energy (keV) (%) (Years)

Cs-137 662 100% 30.2
Am-241 59.5 100% 432
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Figure 3: Schematic of discrimination process of LE and HE signals to generate projections at each angle θi.

2.5 Signal Separation

NaI(Tl) detectors, which offer good energy discrimination
capabilities and high efficiency, are used in this study. Fol-
lowing their interaction with the detector, the high-energy
(HE) and low-energy (LE) gamma rays are separated us-
ing a multi-channel analyzer (MCA) and recorded one by
one parallelly (Knoll, 2010). LE and HE signals are sepa-
rated and recorded as distinct arrays for all detectors and
at all angles. Compton and Rayleigh scattered gamma-ray
photons, as well as characteristic X-ray photons around 32
keV corresponding to the K peak of Cs-137, fall within the
system’s noise region. By setting the ROI (Region of In-
terest) on the full energy peaks (FEP), only the peaks
corresponding to photoelectric interactions are recorded
and separated. Figure 3 shows the acquisition and sep-
aration of the signals corresponding to high-energy and
low-energy gamma photons at each angle, from the first
step to the projection data transfer to the computer.

2.6 Filtered back-projection (FBP)

FBP image reconstruction method has been chosen for to-
mographic image formation due to the potentially large
size of sinogram matrix. Iterative methods are proper
when our projection data is low and normal computational
devices can handle it. The attenuation profile for each an-
gle θ along each path R of the projections is represented
by Eq. (1) (TECDOC, 2008).

gθ(Ri) =
1

d
ln

(
I0θ (Ri)

Iθ(Ri)

)
(1)

where gθ(Ri) represents the projection, d is the length
passed, I0θ (Ri) is the intensity of the radiation recorded
on the detector at angle θ in the absence of the pipeline,
and Iθ(Ri) is the intensity of the gamma rays recorded on
the detector at angle θ the phantom collecting will create
sinogram matrix. A cross-sectional image of the item in
spatial space can be obtained by backprojecting the sino-
gram matrix (De Chiffre et al., 2014; Yanch et al., 1992).
We obtain the final image by backprojecting onto the rays’

path, as per Eq. (2):

gθ(R) =

∫

(θ,R)line

µ(x, y) dxdy (2)

The spatially reconstructed image is a map of the at-
tenuation coefficients µ(x, y). In addition to altering the
space (from spatial frequency to space), backprojection
also greatly amplifies noise. on order to lessen the noise
effect on the image, filters should be applied (Eq. (3)).
Without significantly increasing the computing load dur-
ing the picture reconstruction process utilizing the FBP
approach, the Hamming filter exhibits good performance
in noise attenuation.

where m is the maximum spatial frequency that nar-
rows or widens the frequency range and is the spatial
frequency. Equation (3) states that each row of the sino-
gram matrix receives a one-dimensional application of the
Hamming filter (Haghighat, 2020). Through backproject-
ing and a two-dimensional inverse Fourier transform ap-
plied to the projections’ Fourier transform, the image is
recreated in spatial space.

F−1
{
F
{
gθ(R)|ρ|

[
0.54 + 0.46 cos

(
πρ

ρm

)]}}
=

= gθ(R)× F−1
{
|ρ|
} (3)

As previously explained, the LE and HE signals are
separated and recorded independently and simultaneously
during the dual-energy process. Figure 4 illustrates the
process of reconstructing the dual-energy image for each
by going from the sinogram input to the spatial space im-
age output.

2.7 Evaluation of Reconstructed Image Quality

An appropriate quantitative indicator of the accuracy of
the reconstructed image in comparison to the background
is the Root Mean Square Error (RMSE). Equation (4)
(Prince and Links, 2006) can be used to calculate this
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Figure 4: Image Reconstruction of DE-LNDCT process using FBP algorithm.

value:

RMSE =

√√√√√√

N∑

j=1

(µreconstructedj − µtruej )2

N
(4)

where N is the number of pixels, reconstructed
µreconstructedj is the measured attenuation coefficient after
reconstruction, and actual µtruej is the actual attenuation
coefficient.

The contrast-to-noise ratio (CNR) is another crucial
metric that may be used to assess the quality of any digi-
tal image. Equation (5) (Prince and Links, 2006) defines
this parameter:

CNR =
|SROI − SB |

σB
(5)

where SROI is the average of signal of pixels within the
ROI corresponding to the pipeline wall or scale area, SB
is the average signal of the background area, and σB rep-
resents the standard deviation of pixels in the background.

3 Results and Discussion

The validation of MC and experimental results is shown
in Fig. 5. The results show very good agreement between
the experimental and simulation modeling on the specific
detectors.

Figure 5: Monte-Carlo simulation results benchmarking with
experimental results for Carbon steel test pipeline using the
Cs-137 gamma ray energy.

Figure 6: Reconstructed HE and LE images.

Reconstructed image by FBP is shown in the Fig. 6.
The left image is high-energy image and the right one is
the image reconstructed by low-energy signals.

Linear profiles along an image center were used to as-
sess the pipelines’ reconstructed images. As can be seen
in Fig. 5, the red dashed line is the linear profile for HE
images gray value assessment and the blue dashed line rep-
resent the linear profile across the LE image. Gray levels
represent the attenuation coefficient correspond to each
voxel of final image. The reconstruction of the image cor-
responding to high- and low-energy photons for Phantom
A yielded the following results, as seen in Fig. 7, the gray
level values for HE is more closely aligned with the actual
value for the higher atomic number steel wall.

For materials with a lower atomic number (scale mate-
rials), the gray values are closer with the actual value for
LE energy. This fact demonstrates that the cross-sectional
interaction for low-energy photons is more prominent for
light materials (low-Z), but for heavy materials the oppo-
site is true.

Due to the larger signal of the photo-peak associated
with high energy, the gray levels (Attenuation coefficients)
in the image for the pipeline wall region are closer to the
normalized actual value for the steel wall with a high
atomic number. Table 3 presents quantitative measure-
ments obtained from picture reconstruction.

According to the measured data of reconstructed im-
age of phantom A, LE image has a higher RMS Error than
the HE but the contrast-to-noise ratio of HE is better than
LE image.

Table 3: RMSE and CNR of test phantom A’s reconstructed
image.

RMS Error CNR

Phantom A
LE 0.104 37.5
HE 0.089 42.8
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Figure 7: linear profiles of gray values obtained from images resulting from LE and HE signals of phantom A: carbon steel
pipeline and anhydrite deposits.

4 Conclusions

This work used the Monte Carlo approach to conduct a
feasible evaluation of the industrial design and construc-
tion of a portable pipeline tomography with limited dual-
energy detectors. Originally, a computer program was
used to carry out every step of the described approach,
from defining the source to moving through the substance
and registering in the detectors. The program receives
a template file that contains the geometry definition and
other pertinent information. Simultaneously, two tomo-
graphic images are reconstructed using FBP algorithm:
one for high-energy (HE) and one for low-energy (LE).
Gamma-ray sources of Cs-137 and Am-241 were employed
for a carbon steel pipeline phantom with an anhydrite
scale (phantom A) in order to implement the dual-energy
approach. Following image reconstruction, the signal in
the higher metal zone in HE was more desirable, whereas
the signal in the lower density region in LE was closer
to the genuine value. This demonstrates the dual-energy
method’s efficacy and correct operation in material dif-
ferentiation. On the other hand, while employing more
energy, the signal for the metal region is closer to the ac-
tual value. Better discriminating between heavy and light
materials is demonstrated by the contrasts of the pictures
and CNR in the regions of interest, particularly when the
materials are adjacent. The results of this paper greatly
enhance the pipeline tomography process and demonstrate
that the experimental implementation and manufacturing
of the DE-LNDCT equipment utilizing this Monte Carlo
study is totally feasible. Future research can concentrate
on optimizing the choice of LE and HE energies accord-
ing to the kind of material under evaluation for additional
validation, which may result in even better reconstructed
images.

Conflict of Interest

The authors declare no potential conflict of interest re-
garding the publication of this work.

References

Ay, M. R. and Zaidi, H. (2005). Development and validation
of MCNP4C-based Monte Carlo simulator for fan-and cone-
beam x-ray CT. Physics in Medicine & Biology, 50(20):4863.

Azaman, N., Salleh, K., Abas, A., et al. (2016). Validation
and application of computed radiography (CR) tangential
technique for wall thickness measurement of 10 inch carbon
steel pipe. In R&D Seminar 2016: Research And Develop-
ment Seminar 2016, Malaysia.
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