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Abstract

Gamma scanning is a nuclear inspection technique widely used to troubleshoot industrial equipments in
refineries and petrochemicals plants such as distillation columns and reactors. In this technique, a sealed
radiation source and detector move along the equipment, and the intensity readouts generate the density
profile of the equipment. Although many improvements have been introduced in recent years, the result of
gamma scan still consists of a simple 1-D density plot. In this work, we present the tomographic gamma
scanning that, using image reconstruction techniques, shows the result as a 2-D image of density distribu-
tion. Clearly, an image reveals more features of the equipment than a 1-D graph and many problems that
could not be troubleshooted using the conventional technique can now be solved with this imaging tech-
nique. We use ART (Algebraic Reconstruction Technique) intercalated with total variation minimization
filter. The use of total variation minimization leads to compressive sensing tomography, allowing to ob-
tain good quality reconstruction from few irradiation data. We simulated the reconstruction of different
density distributions. We applied the new technique to data obtained by irradiating with gamma rays
phantoms that emulate industrial equipments. Finally, we present the result obtained by applying the
innovative technique to real operating distillation column. It seems that the new technique has identified
a problem in this equipment that is very difficult to detect using conventional gamma scan.

Keywords: gamma scanning, industrial tomography, distillation column, algebraic reconstruction tech-
nique, compressive sensing

1 Introduction

In continuous production plants like refineries and petrochemical sites, process equipment performance is
analyzed using process model, based on operational variables and quality of product. With increasing
complexity and restricted boundaries of design and operation, NDT (Non-Destructive Testing) has been
widely used to validate, check and troubleshoot these equipments. Among the available NDTs, nuclear
techniques stand out by not disturbing the process under analysis, allowing to carry out tests online. Mod-
ern equipments and methods allow nuclear techniques, previously found only in the literature, to be used
in industry. Distillation column gamma scanning, neutron backscattering, chemical and radioactive trac-
ers and industrial computerized tomography are powerful techniques that are nowadays commercially
available.

Within these technologies, the distillation column profiling or gamma scanning has consolidated as a
good option to perform mechanical and operational troubleshooting [1, 2]. In this technique, a radioactive
source and detector are positioned in opposite sides of the equipment and move along its length (figure 1).
The measured radiation attenuation values result in 1-D longitudinal density profile. Although it relies on
simple principles, its practical use is complex due to the required high specific knowledge. This barrier
also hinders a wider acceptance by the market, as the final customer must have good experience with the
technique. Distillation columns can be found in a wide range of industries such as refineries, fine chemi-
cals, fertilizers and mining plants (figure 2). Inside a distillation column, there are internals parts with
tasks such as increasing liquid-vapor contact area, collecting or distributing liquid, heat exchanging, etc.
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Figure 1. (a) In conventional gamma scanning, the radioactive source and detector are positioned in op-
posite sides of the equipment. (b) The radiation source/detector move along the column height, obtaining
average densities. (c) The results are shown as a 1-D longitudinal density profile.

The inspection industry developed several improvements to gamma scanning to solve technical difficul-
ties and to gain competitive edge, for example: automated scanning, wireless detectors, new data collect-
ing software and improved data presentation. However, none of these techniques yield information of
higher quality: the result still consists of a 1-D density profile of the target.

In this paper, we introduce “tomographic gamma scanning”, where the result of gamma scanning is
represented as a 2-D image of densities, instead of a 1-D graph. A preliminary version of this work was
published as two papers in the Proceedings of 8th World Congress on Industrial Process Tomography [3,
4].

In order to generate 2-D image from gamma ray irradiation data, we use image reconstruction algorithms
with specific irradiation geometry (figure 3). This geometry was chosen for practical reasons. The bottom
and top regions of industrial equipment may be inaccessible, may have too complex constitution, or may




be too far away from the region of interest. In addition, the irradiation cannot be much inclined, because
there is always a maximum distance that the rays can cross to yield statistically significant radiation
counts. Moreover, the steeper the radiation, the greater the wall thickness the radiation has to cross.
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Figure 3. Geometry used in laboratory tomographic scanning, with 5cm spacing and maximum aperture
angle of +45°,

We use ART (Algebraic Reconstruction Technique) [5, 6] intercalated with total variation (TV) minimi-
zation filter [7]. The use of this filter allows to obtain good reconstructions even using little irradiation
data, and leads to compressive sensing tomography using appropriate parameters [8].

We made reconstructions using simulated data. We applied the new technique to the real data obtained by
irradiating gamma rays in phantoms that simulate industrial equipments. Finally, we present the result
obtained by applying the new technique to a real industrial installation.

2  Rethinking Gamma Scanning

2.1 Process equipment

The performance of equipments can be analyzed using process models, where input variables are either
fixed (equipment size and internal constitution), or can be directly measured (temperature, pressure and
flow rate), or calculated (composition of feed, heat consumption and reaction efficiency). The output data
are product composition, operational parameters, among others. These models are robust enough to ac-
count for the normal measuring errors and parameter variations. However, they cannot account for uncon-
trolled factors or human errors, such as:

Physical: corrosion, mechanical damage or defective assembly;

e Process: contamination, unexpected physical-chemical phenomena, fouling or saturation;

e Operational: operational disturbance, instrument reading error or coking;

e Human: design problems, badly made repairs or human mistakes.

This is the context where Non-Destructive Testing (NDT) has its main application, allowing to verify the
process and troubleshoot the equipment online. Nowadays the use of these techniques has spread beyond
the process and operation engineering to other fields of industrial plant engineering:

e Maintenance: online evaluation of equipments;

e Shutdown planning: opening equipments and supply parts purchasing;

e Projects and revamps: critical points verification and performance study;

e Predictive practices: critical equipment monitoring.



2.2 Conventional and tomographic gamma scanning

Gamma ray column profiling or gamma scanning is one of the most used NDT techniques [1, 9]. Figure 4
shows an example of a column gamma scan plot.
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Figure 4. Example of a gamma scan plot. A conventional gamma scan plot represents the density profile
of the equipment, with the equipment elevation on the Y axis and the relative density values (in counts) on
the X axis in the log scale. Each color curve represents a density profile measured at the respective color
plane shown in the sketch at the right.

Although conceptually simple, gamma scan requires a combination of knowledge, skill and talent of the
crew that interfere with the quality of the gathered information and reliability of the conclusions. The
required characteristics are so restrict that, historically, the formation of the crew is one of the greatest
difficulties faced by the industry.

Column gamma scanning has some technical limitations that may restrict its use, and that cannot be over-
come even using the new technique, for example, the radiation count rate. As the time available in field
tests is limited, gamma scans are limited to the cases where statistically significant count rates can be
obtained. Source activity and energy; detector size and efficiency; equipment size and constitution; and
wall thickness must be analyzed to verify the viability of the project. Radiation safety issues are equally
relevant [10]. On the other hand, there are many limitations of the conventional gamma scanning that can
be overcome using the new technique:

o  Dimensional: The result of the conventional gamma scan is a 1-D view of the equipment. Multiple
scans or grid pattern scans are often used to obtain some spatial notion of the density distribution.
Using the tomographic gamma scan, 2-D image of density distribution facilitates the visualization
and identification of problem, process and phenomenon of the equipment.

e  Mean density: Each point of a conventional gamma scan plot represents the mean density along a
gamma ray path. In large or tricky equipments, this fact tends to smooth the problem or phenome-
non. This limitation can be partially circumvented using baseline scan. Baseline scan can be ob-
tained with the equipment off-line (dry-scan) or online at optimal operational conditions (operational
baseline). Using tomographic gamma scan, features hidden in a conventional scan, due to the mean
density values, may be revealed. The tomographic gamma scan can also use baseline scanning, be-
cause ART image reconstruction algorithms can use the density distribution known a priori.



e  Positioning: Since the conventional gamma scan is the mean density profile, the interpretation of
the obtained data is possible only where the proprieties are held constant during the test along the
gamma ray path. This considerably limits the possibilities of positioning gamma ray source and de-
tector. Often, complex equipments are difficult or impossible to be properly scanned. In tomograph-
ic gamma scan, the number of profiles can be reduced because a second spatial dimension is added.

e Interpretation: Although conventional gamma scan relies on simple principles, the correct interpre-
tation of the result requires high specific knowledge. This barrier also prevents further market accep-
tance, as the end customer must have good experience with the technique. Images generated by to-
mographic gamma scan are much easier to understand than the 1-D density plot. This may make eas-
ier the acceptance of the inspection by the customer and also facilitate the training of field personal.

3 Gamma Ray Computed Tomography
3.1 Industrial Computed Tomography

Industrial tomography opened new possibilities to troubleshoot industrial equipments [11-14]. Many
different physical phenomena can be used to generate tomographic images, for example, electrical capa-
citance, electrical resistivity, magnetic resonance imaging, x-ray and gamma ray [15]. In particular, gam-
ma ray industrial tomography has been used since at least 1957 [16]. The standard field equipment of
industrial gamma ray tomography consists simply of a single radiation source and single or multiple de-
tectors [9, 17-19].

3.2 Tomographic reconstruction problem

Transmission modality is the most common industrial gauge arrangement [9], with a radiation source
positioned on one side of an object and a detector on the opposite side. As the gamma ray passes through
matter, the beam is attenuated according to Beer-Lambert’s exponential decay law:

[=1e™ (1
where | is the received radiation intensity, I, is the emitted radiation intensity, w is the object thickness

and p is the linear attenuation coefficient. The emitted intensity I, can be determined calibrating the sys-
tem by measuring intensity I, at a distance d; and estimating I,, at the distance d,, by the law of squares:

If the attenuation coefficient p is not constant inside the material, the product pw must be replaced by an
integral:

= [uxydr @)

where p(x, y) is the linear attenuation coefficient at point (x,y) measured in cm™ and r is the gamma ray
path. Inserting equation (3) and (2) in equation (1):

b= —|n[|'—ij—j J = [nooydr @

The resulting expression indicates that using the detected radiation intensity | (and knowing the distance
do, the calibration distance d;, and the calibration radiation intensity I,), it is possible to compute the
integral of the linear attenuation coefficient along the gamma ray path r. Let us call the term b “measured
projection”. The tomographic reconstruction problem is to determine the spatial distribution of u(x, y)
given many measured projections b in many geometrically different ray paths r.

3.3 Tomographic reconstruction algorithms

Many different algorithms can be used to solve tomographic reconstruction problem.

Bartholomew and Casagrande use 4th degree polynomial to represent the distribution of densities, and the
polynomial coefficients are obtained by a least-squares algorithm [16]. Obviously, this algorithm can

reconstruct only the distribution of densities that can be represented by a 4th degree polynomial and it
will not give a “high resolution” image. This algorithm was actually used in industrial tomography [12].



Filtered back projection (FBP) is a popular image reconstruction algorithm and many works use it in
industrial gamma ray tomography, for example, Kim et al. [19]. It is also widely used in medical compu-
terized tomographic imaging [20]. It is computationally very efficient. However, a typical FBP imple-
mentation requires a large number of radiation measurements to provide a high accuracy in reconstructed
images [21]. In our application, the number of measurements is always limited due to the experimental
conditions, and so FBP is not adequate.

Iterative reconstruction algorithms are another class of reconstruction algorithm. They are usually more
computationally intensive than FBP. However, with appropriate modifications, they can yield good re-
constructions even using few irradiation data. In this paper, we use Algebraic Reconstruction Technique
(ART) [5, 6]. This algorithm can be considered as iterative solver of a system of linear equations:
Ax=b (5)
The values of reconstructed image pixels are the variables of the vector x (the attenuation coefficients
u(x, y)), each row a; of the matrix A is the path of the i-th gamma ray (the geometry of ray r) and the
measured projections form the vector b. In simple case, the matrix A consists of only 1’s and 0’s:
1, if ray i passes through pixel j. ©)
710, otherwise.
ART uses the iterative formula below to compute an approximation of the solution of the system of equa-

tions:
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where i = (kmodm)+1, A is a relaxation parameter and ||ai ||2 is the number of pixels that the ray i passes
through (number of 1’s in &;).

Replacing i = (kmodm)+1 by a randomly chosen index, the randomized ART is obtained. This is the

algorithm we actually use in our experiments. Moreover, in our implementation, the relaxation parameter
Ak decreases geometrically as the iteration step k increases.

In industrial tomography and gamma scanning, the expected density distribution of the equipment may be
known a priori. This “prior knowledge” can be obtained either by analyzing the drawings of the equip-
ment, its components and understanding the process behavior; or by measuring the baseline density dis-
tribution with the equipment off-line or online at optimal operational conditions. ART can easily incorpo-
rate this prior knowledge: simply set the initial density distribution x° with the expected density distribu-
tion. In this case, the problem is to verify whether the obtained data agree (or not) with the prior know-
ledge. As a practical example, let us say that the walls of the column are dense and thick, and they inter-
fere with the reconstruction, blurring the objects near the walls (as in figure 11a). Using the a priori
known wall density (figure 12a), it is possible to obtain a more clear reconstruction (figure 12b), where
the dense walls can be seen clearly.

3.4 Compressive sensing computed tomography

Tomographic reconstruction problem in practice does not have a unique solution, because the system of
linear equations (5) is usually highly underdetermined, that is, there are much more unknown variables
than equations. For example, our real industrial tomographic scanning has 908 data points and
150x360=54000 pixels. Compressive sensing (or compressed sensing) reconstruction tries to minimize
the total variation (TV) of the reconstructed image u(x,y), that is, the absolute sum (l;-norm) of the gra-
dient l,-magnitude of the reconstructed image:

min ) ||gu(x‘y) ||1 subjectto Ax=h 9)

where g, , is the gradient magnitude of reconstructed image p(x,y) in vector form. This minimization
will preferably generate piecewise constant reconstructed images.

There are many compressive sensing image reconstruction algorithms [21]. Some of them intercalate a
TV minimization filter between the steps of an iterative reconstruction algorithm [8, 21]. We intercalate
the TV minimization proposed in [7] between ART iteration steps.



Even before compressive sensing reconstruction algorithms became popular, some authors have proposed
to use suitable filters between the steps of iterative reconstruction algorithms. For example, Bustos et al.
have proposed to use robust anisotropic diffusion together with MART (Multiplicative ART) [22]. Robust
anisotropic diffusion minimizes Tukey’s biweight robust error norm [23]. Even simpler filters, such as
moving average or median, greatly improves the ART/MART reconstruction quality.

4 Simulation

We implemented ART and the TV minimization filter in C++. We constructed different virtual phantoms
to simulate the tomographic gamma scanning. We simulated gamma ray irradiations by computing the
Beer-Lambert law attenuation along the ray paths, considering average densities and computing the ex-
pected radiation counts in the detector. We can make this simplified simulation, without using sophisti-
cated simulation software such as MCNP (Monte Carlo N-Particle), because we use medium-high energy
gamma sources (Cs-137 or Co-60) and Nal(TI) detectors with energy discrimination settings. Although
we made many simulations, in this paper we present only the simulation of a trayed distillation column.

We constructed a virtual phantom of trayed column (figure 5a) and performed a tomographic gamma
scan. The external steel walls (in white in figure 5a) were simulated. However, the internal horizontal
steel structures (like trays) do not appear in the simulated density distribution. This does not invalidate
our simulation, because the source and the detector are not punctual and the system is not collimated.
Hence the detector “sees” a radiation beam much larger than the thickness of some horizontal internals.
We generated 1179 simulated irradiations, where consecutive positions of radiation source/detector were
spaced 5 cm, with maximum aperture angle of +45° (the maximum angle, in the vertical plane, between
source elevation and detector elevation), resulting in 39 fan-shaped projections with 21 to 39 irradiations
each (figure 5b). The domain to be reconstructed has dimension 60x190 cm. Phantom materials were air
(n=68x10° cm™), water (n=63x10° cm™) and steel (u=420x10° cm™), all linear attenuation values for
Co-60. We simulated the radiation counts (1) that would be obtained if a Cobalt 60 source beam, with Iy
intensity, crossed the phantom at every path shown in figure 5b. We scanned the equipment in the direc-
tion indicated by blue line in figure 6.

A conventional gamma scan graph was plotted using the tomographic scan data (figure 5c). It indicates
dense areas above the trays 2 and 3 and the seal pan (blue dashed circles) that are caused by stacks of
liquid in the downcomers. However, it is very difficult to relate them to stacks of liquid, because it is
impossible to know the x-coordinate of the dense pockets. Thus, in conventional gamma scan, usually the
radiation source and detectors are positioned to cross only the active area of the tray (red line in figure 6),
since it is very difficult to extract useful information from the downcomers.

We used ART with TV minimization filter to obtain the tomographic reconstruction (figure 5d) that has
very good visual quality. It is very easy to see the stacks of liquid in the downcomers in the image. We
purposely scanned the equipment in an unusual direction (blue line of figure 6) instead of the usual (red
line of figure 6) to demonstrate that the tomographic gamma scan can show features hidden in the con-
ventional scan.
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Figure 5. (a) Simulated density distribution of a column, different colors representing different linear
attenuation values, black = air (u=68x10° cm™), green = water (u=63x10° cm™) and white = steel
(u=420x10°cm™). (b) Simulated tomographic scan geometry. The red lines represent simulated paths of
gamma rays. (c) Simulated gamma ray profile. Blue dashed circles are related to the stack of liquid in the
downcomers. (d) Simulated tomographic gamma scan. Liquid in the downcomers are easily visible. To
facilitate visualization, we use pseudo-colors in the density distribution image.
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Figure 6. In conventional gamma scan, the radioactive source and detector are usually positioned to cross
only the active area of the trays (red line). In tomographic gamma scanning, we positioned the radioactive
source and detector to cross the downcomers, in order to demonstrate that the tomographic scan can show
features hidden in the conventional scan.

5 Laboratory Experiments

To further test tomographic gamma scanning, we built a mechanical device that automatically collimates
the radiation source and detector (figure 7a). This gantry is 2.166 m tall and 1.288 m wide.

We built a physical phantom of trayed column and scanned it perpendicularly to the downcomers (figure
7b). This trayed column has 3 one-pass trays, with 40 cm spacing, 5 cm deep pool (to simulate a 5 cm
liquid level), and 5 cm wide downcomer area. The trays were filled with gel balls. The downcomers were
also filled with gel balls, up to 20 cm height level.

We also built a physical phantom of random packed column to simulated severe liquid maldistribution
with dense and empty regions (figure 7c). The random packed bed was approximately 40 cm high and
filled with PVC (polyvinyl chloride) tubes (1 inch in diameter and 2 inches long). It was assembled to
simulate typical problems: voids, dense pockets and uneven top.
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Figure 7. Equipments used in laboratory experiments. (a) The device that automatically aligns the radia-
tion source and detector. (b) A physical phantom that simulates trayed column. (¢) A physical phantom
that simulates packed column.




0.0640000
0.037647
8.6835137
0.032627
0.630118
08.027608
0.625098
0.022588
0.620078
0.017569
0.0815059
0.012549
0.0610039
08.007529
0.005020
0.0802518
0.600000
1/cm

Only vapor
between plates

Only vapor

Top of column

Liquid in downcomers

Liquid on trays

Homogeneous interface Only vapor

Liquid at bottom

048008
a37eu7
835137
832627
836118
827608
625098
822588
820078
8175469
@15059
812549
810039
067529
ae5ez2@
082510
LLT LT
fem

0.040600
0.9837647
8.835137
08.832627
08.030118
08.027608
0.025898
8.822588
9.620078
8.817569
8.915059
8.012549
8.610039
0.8087529
8.8858208
8.602510
8.0086080
1/cm

,Coooocooccoooooooaee

Only vapor

040000
037647
0835137
032627
030118
027608
025098
022588
020078
-017569
.0815859
.012549
.0610039
.0807529
.805020
.002518
.000008
/fem

|

f OO0 OO

Top of column

Top of packing

Dense pockets

Packing support

Only vapor at
bottom

U] (9)

Figure 8. The reconstructions obtained by tomographic gamma scanning, using physical phantoms and
real gamma ray irradiations. (a) Reconstruction of trayed column phantom with 5 cm spacing between
consecutive positions of radiation source/detector. (b) The expected density distribution of the trayed
column (green = water, white = steel, black = air). (c) The irradiation geometry with 5 cm spacing used in
tomographic gamma scan - the same geometry was applied to the packed tower. (d) Reconstruction ob-
tained with 10 cm spacing. (e) Reconstruction obtained with 15 cm spacing. (f) Reconstruction of packed
column phantom. (g) The expected density distribution of packed column (blue = water, white = steel,
black = air, salmon = PVC packing with n=0.024 cm™).
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Both phantoms are 1.60 m tall and 0.80 m wide, the approximate size of a small industrial distillation
column. The phantom walls are made of 3 mm stainless steel plates. We used a Co-60 source with 0.485
mCi activity with 10 mm diameter collimation, and 1 or 2 inch Nal(T1) detectors with 12.7 mm collima-
tion.

We performed several experiments to check how the recovered image quality changes with the scanning
spacing, maximum aperture angle and detector size (1 or 2 inches). Typically, in each experiment, we
obtained 1200 irradiation data, each reading took about 3s and the total experiment took about 2 hours,
resulting in about 41 fan shaped projections with 24 to 39 irradiations each. Some of the obtained recon-
structions are depicted in figure 8.

Some important features, from the point of view of a troubleshooter, can be seen in figure 8a:
e Mechanical integrity of the trays;
e Liquid, vapor and disengagement zone at each tray;
e  Presence and height of liquid in the downcomers;
e  Presence and shape of liquid level at bottom.

Similarly, the following features, important for a troubleshooter, can be seen in figure 8d:
e  Empty regions;
e Dense pockets;
e Unlevered packing.

6 Real Industrial Equipment Tomographic Scanning

The first ever tomographic gamma scanning of real industrial equipment was carried out in a water strip-
ping column located in a petrochemical plant in southern Brazil. The column has 1300 mm internal di-
ameter, walls 9.5 mm thick and is equipped with 10 ripple trays (figure 9). This column has always oper-
ated with limitations and was never able to achieve the designed rates and specifications. Several regular
gamma scans could not pinpoint any specific problem. Only the top section of the column (containing a
8”-diameter pipe liquid distributor and 6 trays) was scanned using a 6 mCi Co-60 source and a 2x2 inches
Nal(TI) detector, with 10 cm spacing between consecutive positions of radiation source/detector, resulting
in 908 data points collected in approximately 2 hours. The total field work was performed in approx-
imately 3 hours, including planning the work, accessing the tower, assembling and disassembling instru-
ments, and data sampling.

As in regular gamma scanning, the results of tomographic scanning can be affected by structures attached
to the column, such as rings, nozzles, manways, platforms and supports. The best strategy to avoid such
interferences is to choose gamma ray paths away from them. Even if they cannot be avoided, the extra
spatial dimension provided by the tomography allows identifying the structure interference in the result-
ing image. The requirements for accessing the equipment are the same as in regular gamma scanning, so
any column that can be scanned by conventional technique can also be analyzed with this technique.

The scans crossed diagonally the liquid distributor at the top (figure 10). A previous conventional gamma
scanning of this equipment (figure 11b) was available, and the tomographic scans were performed in the
same direction, to allow a direct comparison of the results. In this case, there were no structures attached
to the column that could interfere with the results. Mechanical collimation system (similar to the one used
in the laboratory) is not practical for field applications due to transportation, assembly and movement
difficulties. Thus, we used a non-collimated system with an electronically filtered photopeak energy spec-
trum, in opposition to the collimated system with wide energy spectrum traditionally employed in gamma
scanning industry.
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Figure 9. Layout sketch of the scanned water stripping column (dimensions in mm) and tomographic

scan geometry.
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Figure 10. Pipe distributor and scan orientation (source: RASCHIG GmbH. http://www.raschig.de/Pipe-

Liquid-Distributor-Type-DP-1).

Figure 11a depicts the result of the tomographic gamma scanning, that is consistent with the conventional
scan shown in figure 11b. Image analysis should take into account the ideal operation of each internal part
and whether it contains (or not) liquid or aerated liquid. Any deviation from the ideal profile may indicate
a mechanical or operational problem. The results of the analysis can be summarized as follows:

The liquid distributor is in the correct place, with liquid and leveled. The scans crossed it diago-
nally, so a symmetric shape can be seen at the corresponding elevation, indicating that the cen-
tral tube and lateral pipes are at their right places.

An area of low density can be seen above the distributor, indicating that there is no liquid en-
trainment to the top of the column. Entrainment is a process phenomenon where liquid droplets
are carried by vapor flow towards the top of the column. It would be indicated by a higher than
normal density in the scan. When properly operating, entrainment should not appear at the top of
the column.

Trays 1 through 5 can be seen at their appropriate elevations. The liquid in the trays seems to be
leveled and there are no high densities in the spaces between trays that would indicate entrain-
ment, flooding or other abnormal process phenomena.

Even numbered ripple trays seem to be denser than odd numbered ones as indicated on both to-
mographic and conventional gamma scans. Ripple tray assembling explains the difference as
even numbered trays are mounted 90 degrees shifted in relation to odd numbered trays. Hence
gamma rays cross even ripple trays transversely, hitting the metals of all tray ripples, while they
pass almost parallel to the odd tray ripples, hitting mostly aerated liquid.

12



e The tomographic gamma scan seems to indicate a problem that has never been detected in any
previous inspections of this column using conventional gamma scans: trays appear to be less
dense at the center. Maldistribution of liquid on the trays may cause this phenomenon, a problem
that may occur in ripple trays. Concentric maldistribution of liquid is very difficult to be detected
with regular gamma scans. In this case, a regular cross section tomography inspection could con-
firm (or reject) this hypothesis.
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Figure 11. (a) Tomographic gamma scanning of real industrial equipment (without a priori knowledge),
performed following the orientation depicted in figure 6. (b) The corresponding conventional gamma
scan. Two regular gamma scans, shown as red and blue graphs, were performed at different operational
rates following the orientation depicted in figure 6. The vertical red line and the vertical green bar respec-
tively represent the mean densities of liquid and vapor.

Tomographic gamma scan images can be improved using a priori density distribution as the startup point
of the reconstruction process. This density distribution can be obtained with the aid of internals details,
column operation and process knowledge. Figures 12a and 12b shows respectively the a priori density
distribution and the image recovered using this knowledge. The walls of the equipment can be seen per-
fectly using prior knowledge and the maldistribution of liquid on the trays is even more clearly visible.
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Figure 12. (a) Density distribution known a priori. (b) Reconstruction of the real industrial equipment
using a priori knowledge. The walls of the equipment can be seen perfectly and the maldistribution of
liquid on the trays is even more clearly visible.

Tomographic gamma scanning can troubleshoot typical abnormalities of the column. We built three col-
umn models similar to the real scanned column: with normal trays (figure 13a), with flooded trays (figure
13b) and with damaged trays (figure 13c) and simulated their tomographic scannings. Figure 13 shows
the images obtained without prior knowledge. The normal condition image (figure 13a) is similar to the
real scanned column and the results indicate that the other two problems would be easily detected with the
aid of tomographic images. The simulated reconstruction (figure 13a) do not show any sign of concentric
liquid maldistribution.
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Figure 13. (a) The expected density distribution of the normally operating equipment and the reconstruc-
tion. (b) The expected density distribution of the flooded equipment and the reconstruction. (c) The ex-
pected density distribution of the damaged equipment and the reconstruction.
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8 Conclusions

In this paper, we proposed tomographic gamma scanning that uses image reconstruction techniques to
generate 2-D image of density distribution of industrial equipments. This technique can detect many fea-
tures hidden in 1-D density profile generated by a conventional gamma scan, opening new perspectives to
solve industrial equipment problems. We used ART (algebraic reconstruction technique) intercalated
between the steps of reconstruction algorithms with total variation minimization filter. The use of total
variation minimization leads to compressive sensing reconstruction and allows to obtain good reconstruc-
tions even using few irradiation data. We simulated the tomographic gamma scanning of a trayed column.
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Then, we used the data obtained by irradiating physical phantoms with gamma ray to further test the new
technique. Finally, we described the tomographic gamma scanning applied to real operating industrial
equipment. In this real test, we could observe signs of possible concentric maldistribution of liquid, which
is very difficult to detect using conventional gamma scanning.
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