o If certain design specifications are not met some parameters must be relaxed and

iteration through the above procedure is called for.

8 Application of Tomography in Engineering Research

Although Computed Tomography (CT) has found extensive application in the medical field
its use for engineering applications has been relatively recent and limited in range. It has
been used mostly for nondestructive testing of materials, such as manufactured parts like
turbine blades in the aerospace industry (Azevedo et al., 1993). A few cases, in which either
tomography in its original form or its principles in combination with traditional measurement
methods, appeear in the process engineering research literature and are briefly discussed
below.

Yule et al. (1981) combined the measurements from a light scattering technique with
the tomographic reconstruction process for the measurement of droplet size and concentra-
tion in an axisymmetric spray produced by an twin-fluid atomizer. A HeNe laser beam is
passed through the spray and the forward scattered light is collected by a Fourier transform
lens arrangement. Particles of the same diameter produce the same radial scattered light
intensity which is measured by a photodetector. The scattered light that is measured is
effectively a line integral along the laser beam traversing different paths through the spray.
The use of Fraunhofer diffraction theory, in combination with a tomographic reconstruction
process, provides a two dimensional distribution of particle sizes and concentrations in a
plane across the spray. A similar approach has been used by Liu et al. (1989) who ap-
plied tomographic reconstruction methods to the speckle photographic measurements of an
asymmetric flow field with variable fluid density. Hertz (1985) used a Mach-Zehnder inter-
ferometer for recording projections of the index of refraction in a two dimensional flame from
eight different directions. The projections are used to reconstruct the 2-D distribution of
the refractive index, and a relationship is then used for obtaining the temperature distribu-
tion from the refractive index distribution. The integral measurements through a turbulent
Helium jet were obtained by Watt and Vest (1990) using pulsed, phase-shifting, holographic
interferometry. Multiangular viewing of the holographic interferograms provided the data
for using tomographic reconstruction of the jet’s concentration field. v

All the above studies primarily used the tomographic reconstruction process for the line
integrals measured using optical techniques. There are a few studies on the application
of CT for the characterization of flow through porous media. Hicks et al. (1990) used a
commercial X-ray CT scanner for studying the heterogeneities of carbonate cores with the

objective of targetting the bypassed oil in carbonate oil reservoirs for improved oil recovery.

39




The axis of the scanner was reoriented from its original design to make the scan plane
horizontal. Porosity and residual oil saturation distributions were of interest in this study.
A similar study of core analysis for determining the saturation and distribution of fluids
using a commercial X-ray CT scanner was made by Coles et al. (1991) at Mobil’s R & D
center in Dallas. Jasti et al. (1990) used a cone-shaped diverging X-ray beam along with
a two dimensional X-ray detector to directly obtain a three dimensional reconstruction of
the flow through porous media. Their system consists of an X-ray tube whose focal spot
size is in the range of 1-5 micrometers. The accelerating potential used is 60 kV and the
two dimensional transmission image of the object is captured by a two dimensional X-ray
detector. Instead of the source and the detector arrangement rotating around the object to
be imaged, the object is rotated about its own axis. This arrangement would be suitable to
use for imaging static systems and where it is convenient to do so, which is often not the
case.

Reported research studies in the literature focusing on the use of CT for holdup or con-
centration distribution of phases in chemical reactors such as bubble columns and fluidized
beds are far fewer. The ones that have been reported were most often concerned with
demonstrating the feasibility of using CT for this purpose. In addition, different kinds of
tomography have been used in these studies.

Hau and Banerjee (1981) applied a tomographic reconstruction of two sets of mutually
perpendicular scans obtained from a densitometer for a horizontal two phase flow. Their
equipment consisted of a 100 mCi Pu 238 source, and a sodium iodide scintillation detector.
The source-detector arrangement is mounted on a traversing mechanism such that the at-
tenuation measurements could be scanned along vertical and horizontal chords. Seven such
chordal measurements in the vertical and horizontal direction, making up a total of 14, were
used to reconstruct the mixture density distribution on a 7 x 7 matrix. The algorithm for
reconstruction was based on the Algebraic Reconstruction Technique (ART). ‘.

At the Idaho National Engineering Laboratory Fincke et al. (1980) used tomography
to determine the time averaged density and its distribution in horizontal multiphase flows.
Unlike the study mentioned above the hardware that was designed was truly a tomographic
scanner. The system had 9 detectors arranged in an arc. The source used was a 0.5 Ci
Americium - 243 with a 60 keV gamma as the principal photopeak. The source is collimated
into a fan beam with a subtended angle of 32°. The assembly of source and detector array
rotates about the pipe center line on ball bearing assemblies. The reconstruction of the
density distribution is based on the Algebraic Reconstruction Technique (ART). The test
section was three inches in diameter. Based on the gradients in density distribution they

were able to differentiate between flow regimes ranging from stratified flow to annular flow.
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De Vuono et al. (1980) carried out a parametric analysis for arriving at an optimum
design of a CT scanner for two phase flow studies. This paper serves as an excellent starting
point for the design of a CT system. The parametric analysis allows one to arrive at design
parameters based on the requirements set for the spatial and density resolution, the size of the
test section to be scanned along with constraints on the maximum available count rate (source
strength) and the allowable scan time (i.e., the desired temporal resolution). The analysis
has been made with reference to the fourth generation scanning configuration wherein there
is a large number of detectors all around the test section and it is only the source of radiation
that rotates on a circle between the detectors and the test section. However, some of the
principles can be well utilized for the design of systems in the third generation configuration
as well.

The application of gamma ray tomography for voidage measurements in fluidized beds
has been demonstrated by Seville et al. (1986). The scanning system that was developed
for that purpose was simple consisting of a 100 mCi Americium - 243 source and a single
collimated Nal detector. The source and the detector were aligned using an optical bench.
The fluidized bed was mounted on a rotating table so that it can be moved linearly with
respect to the beam for obtaining measurements along different chords, and also rotated
about its axis to obtain the measurements at different angular orientations. The test section
was 14.6 cm in diameter and the spatial interval for the chordal measurements was 5 mm.
The chordal measurements were obtained at 30 different angular positions at intervals of 6°.
The total time for data collection for scanning one section was 6 to 7.5 hours. Because of the
simplicity of the system’s hardware, and the consequent long scanning times, an extensive
study was not undertaken. The objective of the study appeared to be the demonstration
of the feasibility of using CT for voidage measurements in fluidized beds. The CT scans of
the grid region of the bed were used to compare the experimentally determined jet entrance
length with theoretical predictions. An improved version of the scanner from the same group
is reported by Simons et al. (1993). The new system had six Gadolinium-153 sources with
corresponding six collimated CsI scinitillation detectors. The assembly was mounted on a
fixed rotation stage which had a central hole of 100 mm in diameter. The test section had
to be lowered or raised through the scanning assembly so that different sections of the flow
can be scanned. Each view consisted of a lateral translation in steps of 1.0 mm and each
scan consisted of several views obtained by rotating the scanning assembly through 180° in
steps of 1.5°. The reconstruction was done on a matrix of pixels 1 mm X 1 mm and the total
scanning time was 3 to 4 hours. The scanner was used to study the differences in behavior of
a spouted fluidized bed with dry and sticky particles in terms of the penetration of the inlet
jet as well as the voidage profiles. This system has also been used by Ashrafi and Tuzun
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(1993) for studying the granular flow of solids in a model hopper rig. The scanning time for

each section is reported to have been reduced to 90 seconds. Contrary to the earlier system,
in the refined system the scanning assembly rotates around the test section. The maximum
size of the test section that could be scanned is 100 mm and the Filtered-Backprojection
algorithm is reportedly used for image reconstruction. The cross-sectional profiles of solids
fraction at different heights, as well as the plane mean values of void fraction, were obtained
in botli the cylindrical and conical sections of the hopper.

Banholzer et al. (1987) conducted a feasibility study for direct imaging of time averaged
flow patterns in a model fluidized bed reactor using X-ray tomography. Essentially, a model
fluidized bed (150 mm long, and 43 mm inside diameter) containing powdered coal was
scanned using a medical CT scanner under a range of experimental conditions. The scanner
made use of a 88-kW X-ray tube and an array of 517 gas filled X-ray detectors on the opposite
side. The X-ray beam was collimated to a 1500 gm thick fan beam with an included angle of
30 degrees. The system was capable of scanning a section in 9 seconds. A spatial resolution
of 1.5 mm and a density resolution of better than 30 kg/m?> were achieved. No mention is
made about the algorithm used for image reconstruction. Considering that the system used
was a medical scanner the algorithm was probably the convolution-backprojection method.

Lutran et al. (1991) used a medical CT scanner for visualizing the liquid distribution
in trickle beds with a quiescent gaseous phase. The test section was square, with a side of
7.3 cm and a height of only 30.48 cm, so that it was convenient to use a medical scanner
and image the longitudinal sections of the bed. As in some of the earlier studies it appears
that the dimensions of the test section in which the flow was studied were dictated by the
largest scannable section (patient) by the scanner. Again since the system was a commercial
scanner nothing was discussed about the hardware and the software for image reconstruction.
The system was used to study the effects of liquid flow rate, prewetting, particle size, inlet
configuration, surface tension and flow history on the flow pattern in the packed bed.

Kantzas (1994) used a EMI 7070 commercial X-ray CT scanner for obtaining the holdup
distribution in fluidized and trickle beds. The scanner is of the fourth generation type and
being a medical scanner it was modified to perform scans in both the horizontal and vertical
direction. The system is capable of completing a scan for one section in 3 seconds. Spatial
resolution of 0.4 cm X 0.4 cm is claimed. No mention is made about the reconstruction
procedures. The fluidized bed studied was a glass bead - nitrogen system in a column of
10.0 cm in diameter. The gas was introduced.in to the bed by a distributor plate with a
long orifice in the center. A series of images as a function of time and position have been
presented. The scans over the orifice tip showed the formation of a jet and a thin high-

density ring surrounding the expanding jet corresponding to the high concentration of solids
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around the jet. The trickle bed used in the study was a glass bead - nitrogen - water system
in a glass column of 0.045 m diameter and 0.45 m length. The holdup of the liquid and gas
phase under three phase conditions was calculated based on the scans made of the dry bed,
a liquid saturated bed and the use of relativity principles.

X-ray tomography was used by Toye et al. (1994) for imaging the gas-liquid-solid dis-
tribution in trickling filters. The system consists of a point source X-ray generator that
produces a fan beam with an included angle 0f 40°. The X-ray energy could be varied from
0 to 160 kV. The detector used was a linear array of 1024 photodiodes, so that effectively
there were 1024 projections within the fan beam. The bed scanned had a diameter of 0.6
m and was 2m in height. A Fourier based algorithm for reconstruction was adopted. The
reconstruction was done on a matrix of 1024 x 1024 pixels. The liquid holdup in the bed is
claimed to be detected inspite of the low liquid film thickness around the packed solids.

9 Experimental Results for Void Fraction Distribu-

tion in a Bubble Column

We end our discussion of the research applications of tomography by presenting here some
results on the void fraction distribution in bubble columns that were obtained using the CT
scanner in our laboratory. Comparison of the void fraction results obtained using the CT
scanner with results in the literature and with the data obtained using other techniques are
presented in Kumar et al. (1995), and Kumar (1994). In this section the results for the
effect of operating conditions on the void fraction and its distribution in bubble columns
are discussed. Experiments were performed in bubble columns of five different diameters
(0.102, 0.14, 0.19, 0.26 and 0.30 m) using air and mainly tap water as the gas and liquid
phase, respectively. Four superficial gas velocities - 0.02 m/s, 0.05 m/s, 0.08 m/s and 0.12
m/s - were used for most of the columns. These velocities cover all the flow regimes from
bubble to churn turbulent in all the columns. For all the column sizes the experiments were
conducted with a static liquid height to diameter ratio of at least 5. All the runs were made
with zero liquid superficial velocity. The data was obtained mainly in columns fitted with
a perforated plate distributor. The distributors were made out of 0.0032 m thick aluminum
plates. The open area of the distributors ranged from 0.05 to 0.23 %. The characteristics
of the hole patterns and their sizes for the different columns can be found in Kumar (1994).
To evaluate the effects of gas distribution, the flow in the 0.19 m diameter bubble column
was imaged with two other types of gas distributors in addition to the perforated plate.
These were a simple cone and a single bubble cap riser. For most of the runs the scans

were performed at five different elevations above the distributor for capturing the evolution
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of void distribution with flow development. Most of the results reported here are the void
fraction profiles that have been averaged over those sections of the flow for which the end

(i.e., entry and disengagement sections of the flow) effects are negligible.

Effect of Column Diameter

The effect of column diameter on the void fraction distribution is shown in Fig. 11
(a) and (b) for superficial gas velocities corresponding to flow in the bubbly and churn
turbulent flow regimes. The void profiles are from scans of the columns at a section where
end effects are negligible. At the low gas flow rate (U, = 0.2m/s) it is evident that there is
some influence of the column diameter on the void fraction although there appears to be no
specific trend. In churn turbulent flow at the gas flow rate corresponding to U, = 0.08m/s
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Figure 11: Effect of column diameter; (a) U, = 0.02m/s, (b) U, = 0.08 m/s

there is a continuous increase in the void fraction with column diameter. The integral area
under the curves were computed to evaluate the cross-sectional mean void fraction. These
are tabulated in Table 4. At the low gas velocity the cross-sectional mean void fraction
decreases initially with the column diameter and then increases again. At the higher gas
velocity the holdup values continuously increase with the column diameter, although this

increase tapers off gradually. This observation is in line with the observation made in the
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literature that the overall gas holdup is unaffected by the column diameter provided it is

greater than 0.15 m.

Table 4: Cross-Sectional mean void fraction as a function of column diameter

Column i.d. - m | X-Sect. Mean Void Fraction
U, =0.02m/s | U, = 0.08m/s
0.10 0.106 ' 0.191
0.14 0.094 0.209
0.19 0.075 0.225
0.26 0.095 0.234
0.30 0.104 0.238

Effect of Superficial Gas Velocity

The effect of superficial gas velocity on the void fraction distribution is illustrated in two
of the columns studied. Fig. 12 (a) and (b) correspond to the void fraction distributions
obtained in the 0.10 m and 0.26 m diameter columns as a function of superficial gas velocity.
The data correspond to scans at one fixed axial location that is well away from entrance
or free surface effects. In general, an increase in the gas velocity leads to an increase in
the magnitude of the local void fraction at all column radii except at regions close to the
wall. The magnitude of this increase is much larger at the lower velocities corresponding to
the bubbly and transition flow regimes. At the higher velocities (churn turbulent flow) the
increase is relatively small. The holdup profile changes from a flatter distribution to a more

parabolic one with increase in the superficial gas velocity.

Effect of Distributor Type

The effect of the type of distributor used on the void fraction distribution was studied
in the 0.19 m diameter column. Three different kinds of distributors were used. The first
of these was a perforated plate having 156 holes on a square pitch of 1.25 cm leading to an
open area of 0.1 %. The second was a cone distributor and the third distributor used was a
bubble cap. Their geometrical characteristics are illustrated in Fig. 13.

The cross-sectional distribution of the void fraction distribution shown in Fig. 14 clearly
shows the differences resulting from the distributors. It is seen that the perforated plate
results in a uniform distribution of the gas and this gets reflected in the gradual variation

in the colors for the void fraction from the column center to the wall. For the cone and
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the bubble cap distributors the gas moves up the column as large bubbles in a region close
to the column center. The peripheral regions are almost unaerated and this is reflected
as an annulus of light shades in the cross-sectional image. At the higher gas velocities
these differences get minimized owing to the breakup of the large bubbles due to the higher
intensity of turbulence generated at these flow rates.

It is common in academic research to use a sintered plate distributor. The comparison
of such a distributor and a perforated plate distributor was studied in the 0.10 m diameter
column. The liquid phase used was a mixture of isopropanol and water mixed in equal vol-
umes. The comparison between the void profiles resulting from the two kinds of distributors
are shown in Fig. 15. This mixture resulted in very fine bubbles and at high velocities
also led to excessive foaming especially with the sintered plate distributor. The magnitude
of the holdup generated by the sintered plate is larger than that of the perforated plate
and this difference increases with increase in gas velocity. At U, = 0.8m/s the foaming
tendency with the sintered plate distributor is very well discerned by the CT scanner.

Effect of Liquid Properties

The effect of using highly purified and deionized water against regular tap water was

studied in the 0.14 m diameter column. The deionized water was obtained from a compact

47




Radius, cm
Radius, cm

0.32
B 024
B 016

5 4 2 0 2 4 6
Radius, cm
(22)

Radius, cm
Radius, cm

Shwal

opooo

2
Radius, cm Radius, cm
(o1) b2)
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Milli-Q Plus water purification system that produces Type I reagent-grade water with a
resistivity of 18 megohm-cm. The column, the distributor and the plenum were all washed
with the same water before the actual runs. The void fraction distribution obtained from
the CT scans of the column at an axial distance of 0.6 m above the distributor are shown in
Fig. 16 for two different superficial gas velocities. The magnitude of the void fraction with
the deionized water is always lower than that obtained with regular tap water. The bubble
sizes observed in the column with deionized water were much larger and consequently, the
holdup in the former is lower. These observations are consistent with the results of Anderson
and Quinn (1978) who contend that the pure water promotes coalescence of the bubbles.
The effect of liquid physical properties was also studied by comparing the void distribu-
tions obtained with tap water and a mixture of tap water and isopropanol mixed in equal
volumes. The isopropanol-water mixture had a viscosity of 0.00278 kg/m-s at 26°C, a surface
tension of 28.2 x 1077 N/m and a density of 917 kg/m>. The bubble sizes observed in the
mixture were small and of the order of 1 to 2 mm. This leads to extremely high values of

the void fraction. The comparison between the two cases is depicted in Fig. 17.
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10 Process Applications of Tomography

Use of tomography to study industrial scale reactors has not been reported to the best of our
knowledge. This is primarily because of the complexity involved in setting up a CT system
around an installed reactor. Space constraints and the existence of other structures in the
vicinity such as flanges, piping, platforms, other auxiliary equipment and structures are
the impediments for accomplishing a complete CT scan. In addition, the cost of obtaining
the data for a complete scan is often prohibitive and its justification is considered difficult.
However, a popular diagnostic tool in the chemical and process industry, executed by a
number of small specialized companies, is commonly referred to as “gamma scanning”. In
its simplest form it was originally conceived as a diagnostic tool in the chemical and process
industry. In its simplest form it was originally conceived by Du Pont in the 1960s (Severance,
1981) and has been subsequently improved and widely used (Severance, 1985; White, 1987;
Harrison, 1990). In particular this technique has been extensively used for trouble shooting
on distillation columns. The information obtained is used to detect the dislocation of trays,
extent and location of tray flooding, liquid levels on aerated trays, location and characteristics
of foaming, entrainment conditions etc. Essentially the attenuation of radiation of a single
beam of radiation (probably along the centerline) is obtained as a function of axial position

along the column. The signature profiles for an empfy column, a normally operating column,
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Figure 17: Effect of liquid properties - water and water-isopropanol mixture ; Col. i.d. =
0.10 m, (a) U, = 0.02m/s, (b) U, = 0.08m/s.

a flooded column etc. are established and then compared with the actual scan and used for
problem diagnosis. Thus, the scan profiles are used as a visual representation of the hydraulic
condition of the distillation column.

These simpler radiation techniques are finding great patronage by the chemical and pro-
cess industry in the U.S. judging by the proliferation of companies that offer to provide such
measurements as service. In recent years these companies provide what is known as two
angle gamma scanning, which is the same as gamma ray densitometry. A gamma ray source
on one side of the reactor and a radiation detector on the other side are mounted and a series
of measurements for the attenuation of a narrow beam of radiation along several chords are
obtained. This is then repeated at right angles to the first set of measurements by reorienting
the source-detector arrangement. By identifying those paths in each set of measurements
along which the attenuation is either maximum or minimum, it is claimed that the location
and extent of the problem areas can be determined. To demonstrate that this is not neces-
sarily true, we consider a reactor in which the cross-sectional distribution of gas holdup is
represented (for illustrative purposes) by a 4 x 4 matrix of numbers as indicated in Fig. 18.
The two angle scans are simulated by assuming that the initial number of photons is 10,000
and that each pixel in the matrix has unit length. Using the Beer-Lambert’s law (assuming
an ideal situation) the measured count rates for four gndividual beams at two positions that

are 90 degrees apart are shown in Fig. 18. If the above described procedure is applied to
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the two scans one would conclude that the highest holdup of the less dense phase (gas) lies
at the intersection of the beams with the highest count rates and the lowest holdup at the
intersection of beams with the lowest count rates. By using this argument in this simulated
case the conclusion would be that the lowest holdup of the less dense phase (gas) should be
in the pixel at the intersection of the fourth beam from left in the vertical direction and the
third beam from the top in the horizontal direction which has a holdup of 0.2. Actually, the
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Figure 18: Gamma scan at two right angles

lowest holdup of 0.1 lies in another pixel that is not traversed by these beams. Similarly,
the highest holdup using this interpretation would be given by the pixel at the intersection
of the second beam from the left in the vertical direction and the first beam from the top in
the horizontal direction. This pixel has a holdup of 0.3 while the maximum holdup in the
distribution is 0.9.

The reason for the failure of the above described procedure to identify regions of highest
or lowest holdups lies in having fewer equations than unknowns. Mathematically, one would
require at least 16 independent attenuation measurements in order to determine the 16
unknown holdups (one in each cell) so that one has to obtain the measurements corresponding
to at least two other angular orientations of the source-detector arrangement with respect
to the reactor. Even with 16 measurements the distribution cannot be uniquely determined,
since it is always possible to find a suitable combinations of numbers to satisfy the constraints
set by the attenuation measurements. Theoretically speaking, for an accurate reconstruction

an infinite number of measurements are required, which of course is not practically feasible.
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However, the above example demonstrates that a set of two measurements at right angles
lead to misleading conclusions, and one would require a reasonable number of such sets of
measurements to make a diagnosis.

For industrial systems it is convenient and less expensive to obtain a few chordal mea-
surements of the attenuation through the test section. Unfortunately, it is often forgotten
that a single line averaged holdup, even if it is obtained across the centerline of the column
is not representative of the cross sectional mean. The line averaged holdups along several
chordal positions can, however, be used to obtain a cross-sectional mean provided that one
assumes that the holdup distribution is axisymmetric. If such an assumption can be made,
the radial variation of the holdup and, hence, the cross-sectional mean can be obtained by
making use of the Abel integral and its inversion.

If f(r,R) is a function of radial position that is nonzero only within a circle of radius R,

then its Abel transform is

é(z, R) = 2/0‘@2” (\f + 37, R) dy = 2/ (’“ R)” (19)

The above is merely the line integral along the ray in the y direction at the position z in the

x-y coordinate system. The inversion expressing f in terms of ¢ is

f(r,R) = ——/ \/cj;ﬁ&

For our case, the quantity ¢(z, R) corresponds to the quantity In(l, /I) divided by the

(20)

corresponding chordal length. Many different numerical approaches have been suggested for
the implementation of the Abel inversion (Bockasten, 1961, W. L. Barr, 1962, Dong and
Kearney, 1991). To illustrate that the centerline averaged holdup is an overestimate of the
cross-sectional mean, and that the Abel inversion provides a radial distribution that leads to
the correct cross-sectional mean, the following simulation has been made. An axisymmetric
distribution of the holdup is assumed in an air-water bubble column of 19.05 cm in diameter.

The assumed radial distribution has the functional form (Kumar, 1994)

m+2

e(§) = (1 —cf™) (21)

where € is the cross-sectional mean holdup, m is the power law exponent and ¢ is a constant
that provides for non-zero holdup at the wall of the column. These parameters were ob-
tained from the experimentally determined void fraction distributions using the CT scanner
at CREL. The value of the power law exponent is high for a flat holdup distribution (cor-

responding to bubbly flow) and decreases for the more parabolic profile that is observed in
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Figure 19: Comparison of assumed distribution, chordal averages and Abel inversion, (a)

Bubbly flow, (b) Churn turbulent flow

churn turbulent regime. For a given holdup distribution the line integrals corresponding to
the quantity f (/‘air € + pwater (1 — e)) dl are computed. The limits of integration depend
on the position of the chord. The negative exponential of this quantity would correspond
to the ratio I /I, that is measured in densitometry (as well as CT). Shown in Figures 19
(a) and (b) are the assumed symmetric holdup distributions (similar to experimentally de-
termined holdup profiles in the two flow regimes), and the chordal average holdups that
are obtained from the simulated line integrals for two values of m corresponding to bubbly
and churn turbulent regimes, respectively. Also shown as a horizontal line for comparison is
the cross-sectional mean. The chordal averaged centerline holdup is always higher than the

cross-sectional mean. Using the entire set of chordal measurements, the Abel inversion pro-
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vides a radial distribution that is the same (within numerical error) as the assumed (original)
axisymmetric distribution. Abel inversion yields reliable results only when the distribution
is axisymmetric. For industrial systems the current measurement practice can be modified
to provide the chordal average measurements at two positions at right angles to each other.
An assessment can than be made whether the assumption of axisymmetry is appropriate

and if so a cross-sectional mean using Abel inversion can be obtained.

11 Recommendations for Improvements in Gamma-
Ray Scanning of the AFDU Reactor at LaPorte

We conclude this report by providing guidelines for enhancing the measurements of holdup
on the AFDU reactor at LaPorte using the nuclear density gauge. At present the instru-
mentation is being used for the measurement of only the chordal average holdup along the
centerline of the reactor. It is recommended that for a given cross section the measurements
be obtained along several such chordal positions at a minimum of two angular orientations
(90° apart) with respect to the reactor. For the reactor of 18 inches in diameter it would be
ideal to have a minimum of 12 chordal measurements across the section. This we believe is
the least that has to be done and can be accomplished with minimal effort. Since the system
is actually a three phase system it is desirable to resolve the concentration distribution of
the three phases individually, and for this one has to resort to dual energy scanning. To
accomplish this a gamma ray source with emissions at an energy different from that of the
existing Cs-137 (0.66 MeV) source is required. Two possible options are Americium-241
(0.0595 MeV) and Cobalt-60 (1.17 MeV & 1.33 MeV). Although, the ideal choice for the
second source is Am-241, the attenuation at this low energy of the source in a relatively large
diameter system is high, and it becomes necessary to collect the data over long periods of
time in order to obtain statistically significant photon count rates. Thus, the higher energy
level emissions from Co-60 would appear to be a better choice. However, the attenuation co-
efficients of typical materials at the energy levels of Cs-137 and Co-60 are not vastly different
to enable a clear resolution of the individual phases. This is because the calculated values of
the phase holdups are very sensitive to small errors in the count rate measurements. Table 5
lists the linear attenuation coeflicients of air, water and glass at four energy levels. If Co-60
is used as the second source, then it is better to gate in on the 1.33 MeV photopeak since
that provides a wider difference in the attenuation coefficients with respect to the energy
level of Cs-137. This off course requires additional hardware in the signal processing train
to be able to differentiate between the photons at the two energy levels.

Finally we provide a design for what we call as the “Poor Man’s Tomograph”. The system
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Table 5: Linear Attenuation Coeflicient of some materials as a function of energy

1 1 1

Material | p —em™lat | g —cm ™l at |y —em ™ at | g —em™! at

0.06 MeV 0.66 MeV 1.17 MeV 1.33 MeV

Air 2.14E-4 9.29E-5 7.67E-5 6.81E-5
Water 0.197 0.0857 0.0662 0.0619
Glass 0.5625 0.1942 0.1485 0.1387

is referred to by this title, since having a sophisticated CT system capable of providing fine
spatial resolution is expensive and not practical for use on an industrial scale reactor. Thus,
the system that we propose to be implemented for the reactor at LaPorte is capable of a
spatial resolution of 3.0 cm x 3.0 cm, and does not require too long a period of time for
scanning (considering the size of the reactor) and also is relatively simple in construction.

The system proposed here is novel in the sense that it combines the fan beam scanning
configuration with the parallel beam scanning configuration. A schematic of the proposed
scanning configuration is shown in Fig. 20. The arrangement consists of a source with the
emissions collimated to a fan-beam with an included angle of about 20° and an array of
three detectors whose centerlines are 5° apart. This assembly is designed to translate across
the section for a given angular orientation with respect to the reactor. The idea here is
that as the assembly traverses linearly across the section each detector is obtaining chordal
measurements in separate views that are 5° apart. Once a linear scan is complete the whole
assembly is rotated by 15° and the process is repeated until views over 180° have been
obtained. |

We follow the methodology for the design of a CT scanner set up in Section 7. The
design is for a column of 61.0 cm (2 feet) inner diameter with a required spatial resolution

of 3.0 cm x 3.0 cm. The preset parameters are :
1. d; = 61.0cm (column inner diameter)

2. d, = 63.5¢cm (column outer diameter)

wo

. Az = 3.0cm (spatial resolution)

i

o, = 0.1 g/cm?® (density resolution)
5. § < 5C

. N = 25— 50 counts / sec




Beams from a

Array o} Detectors

Beams fromb

/”ﬂ\

N L

Beams fromc

Ry ‘_ 7

Radiation Source

Figure 20: Schematic of the proposed scanning configuration

The assumptions are :

1. 180° scan
2. € - detecting efficiency = 0.75
3. Energy level of photons : 0.66 MeV (Cs-137 source)

4. A maximum of 50 % solids loading with attenuation characteristics similar to glass.

For the required spatial resolution the collimators are designed to have rectangular aper-
tures 3.0 cm x 1.5 cm. Using Eq. 16 the solid angle Q is calculated as 0.0474. The column
walls are assumed to be 0.5 inches thick and made of steel (pp = 0.5678 cm™! at 0.66 MeV).
With 50% solids loading the integral of the product p! for all the material that the beam
encounters along the center line of the reactor is 18.74. Using Eq. 15 the counting time
required per beam (for the chosen count rate) with a 5 Curie source is calculated to be 40
seconds.

For a column of 2 feet in diameter with a required spatial resolution of 3.0 cm the number

of chordal measurements required in one linear scan would be approximately 20 (number of
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beams per view). However, from our experience with the CT measurements in our laboratory
it seems appropriate to obtain half the above required number of chordal measurements and
obtain the required number of beams by interpolating in between two measured beams. This
is a reasonable method to adopt and aids in reducing the scanning time. The scanning time
per view is therefore 40 seconds x 10 beams. The number of views required is calculated as
36. In the proposed methodology of scanning at any given time the data is being acquired
for three views simultaneously. Hence, the required number of angular increments is 12, so
that the total scanning time works out to be approximately 86 minutes.

The hardware for the support structure and the positioning mechanism can be made
relatively simple and easy to install around a commercial reactor. Implementing such a
system would go a long way in providing experimental information that definitely would
serve in enhancing our understanding of the fluid dynamics of the system.

Implementing the dual energy scanning system with Co-60 as the additional source should
be preceded by a preliminary study for evaluating if energy level differences between the

emissions from Co-60 and Cs-137 is adequate for differentiating the three individual phases.

12 Nomenclature

A absorptance of a medium

A, effective detector area

Ay total detector area

d, actual detector aperture width

dess effective detector aperture width

d, outer diameter of pipe

d; inner diameter of pipe

I intensity of transmitted radiation

1, initial intensity of radiation

I; number detected photons

I, number emitted photons

l path length of a beam of radiation through an object
L total path length of radiation in a mixture of phases
m total number of views per scan

M magnification factor

n number of beams or projections in a view

N average number of photons per beam

number of observations or samples

P projection function in equation (4)
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r photon count rate - photons/sec
Se source strength - photons/sec

s focal spot width of the source
T transmittance, ratio of I to I,
U, gas superficial velocity, m/s
Subscripts

w water

p pipe

Greek Symbols

Az

€

9 o

Q

13

spatial resolution

detection efficiency

mass attenuation coefficient, cm?/g
Solid angle

material density, g/cm?

photon counting time

density resolution
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