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ABSTRACT

The high resolution which can be obtained by computer assisted tomography is used to investigate

the liquid distribution and void fimction in random and structured pacidng. With a spatial resolution

of 0.4xO.4mrn2 it is possible even to detect thin liquid films on structured pacidngs. The experimental

set-up consists of a custom-built second generation tomography The imaged object consists of a

column filled with either a random ceramic packing of sphei-res or a structured metal packing. lle

liquid and void fi-action distribution in random and structured pacIdngs with a quiescent gaseous

phase is vsited. The water/air system is used. The liquid distributor consists of a perforated plate.

The experimental hold-up values averaged over the column cross-section are in good agreement with

empirical equations.

I RCMODUCrION

In many chemical engineering applications random and structured pacidngs are used to enhance the

heat and mass transfer between two phases. These pacIdngs are used to obtain a high specific

interfiLcial area to iprove heat and mass trader. They are in contact with co- and countercurrent

flow of liquid and gas. As random pacldngs spheres, cylinders or more complex bodies are used.

They can consist of ceramic, polyolifiens, metal or carbon. The distribution of the packing elements

inside the column is random. This also results in a random distribution of the void fimction, which

influences the liquid distribution in the packing. Unlike the random pacldngs structured packings

offer a regular istribution of the void fraction. Because of tes the liquid and gas flow in the pacldng

is more homogeneous. The pacidngs used can consist of folded metal.

Tomographic measurement techniques for process engineering applications have become increasingly

popular. The aim of tomographic measurement is to get information on the distribution of the
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physical properties inside the measurement plane. Originally X-ray tomography has been invented for

medical purposes as described by Hounsfield [1]. The advantage of these techniques is the non-

intrusiveness of the measurement inside thereactor. Lately, X-ray techniques have become more

popular for usage with multiphase systems. Kantzas 2] and Lutran etal 3 are using a medical CT

for the investigation of liquid distribution and holdups in trickle or fluidized beds. Toye era. 4 is

using a custom built CT for investigations on the liquid distribution of random packing.

Ikeda et. aL [5] discussed the problem of density fluctuation of two-phase flow on the reconstruction.

He confirmed that multiphase "cm with a quasi-stationary character can be imaged using tis

technique. Most of the CT-systems used for investigations on multi-phase flows are in their timeal

resolution limited due to the energy of the penetrating photons observed for X-ray sources. Using

CT- systems of the fourth generation (electron beam tomography) it is possible to achieve a time

resolution in the order of 5 mliseconds. Peschman efal. 6] describes such a system and discusses

the applicability for technical use. Such a system. offers a good time resolution even for unsteady

flow conditions, but suffers from the low energy obtained from the x-ray generator.

2 X-RAY-TOMOGRAPHY

The actual tomographic measurement of any given property distribution can be subdivided into two

individual processes. This is schematically shown in Figgre 1. In Figure I the abstract measurement

chain is depicted schematically. It consists of the measurement of the integral property and the

calculation of the local. property from the integral values. These different steps are also

distinguishable from the true physical measurement chain depicted in Figgre lb. It consist of the

sensor, the measurement device and the ronstruction A good survey of technical aspects and

reconstruction techniques is given by Ter-Pogssian eLal 7] as well as Herman [8]. The measurement

process can be schematically described as shown in Figgre 2 The tornographic; measurement process

requires the knowledge of some integral property of the unknown property distribution f(XY,,Z, 1).

This is generated by integrating the property distribution in the measurement plane along known

paths s-

ff(XYZ,)&.
S(t-e�z)

The obtained integral measurement value <Djx, e) is linearly independent if the linear and angular

coordinates and e, respectively, are different Actually for the angular coordinate the limitation is
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7r but this is insignificant for the sake of the argument). Given a circular measurement plane which is

convergent for most applications, the number of linearly independent measurements taken is given by

the size of the discredzation of the detector and the number of views taken for different angles e.

X-ray Computed Tomography uses the interaction of high energetic radiation with atter as physical

measurement principle. The radiation is weakened by the interaction with the matter. Weakening is

dependent from the thickness d of the material and the linear attenuation coefficient g. The linear

attenuation coefficient itself is dependent on the energy of the radiation. ne intensity of the

weakened X-ray I is given by Beer's law-

I = 10 e-Od. (2)

In equation 2) lo is the intensity of the non-weakened radiation. Equation 2 oy applies to

monochromatic radiation. For polychromatic radiation the dependence of the absorption coefficient

on the radiation energy has to be considered. A complete set of integral measurement values for one

angle is called a projection. For real tomography the projections can be obtained in two different

ways:

• the integral measurement values are sampled in a parallel beam geometry,

• the integral measurement values are sampled in a fiLn beam geometry.

For the reconstruction of tomographic images, the ftered backprojection is mostly employed. It is

applicable for the reconstruction for fidl data problems where a sufficient number of projections are

obtained. This technique is described by Brooks and di Chiro 9] as well as Kak and Slaney [10].

Backprojection can be thought of as reversing the data collection process. Each smple within a

given projection represents the fizctional transmittance of a narrow bearn of X-rays through the

object, which is assumed to be sufficiently well approximated by small, discrete pixels of constant

attenuation. During backprojektion the value of each sample in the profile is numerically added to all

of the image pixels, that participated in the attenuation process for that sample. Conceptually,

backprojection can be thought of a searing each profile back across the image in the direction of

the radiation propagation. In addition to the filtered backprojection, iterative reconstruction

techniques are used. They are often used for the reconstruction with a limited number of projections

as described by LeAitt I or Huesman I I .
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3 EXPERIN10ENTAL SET-UP

For the present experimental investigations a custom built second generation tomograph with a

parallel beam geometry is used (see Figure 3 It is located at the Federal Institute for Materials

Research and Testing 13AIvl) in Berlin. Ile tomograph consists of a fixed X-ray tube and detector

array. he mechanical manipulator ranslates and rotates the scanned object to obtain the projections.

The scanner consists of 15 detectors, which is equal to the number of projections received at a given

time. To obtain a 101 scan 12 steps of rotation are made. The spatial resolution is set to

0.4 xA m with an imaging time of 15 min. for one image. The source provides a collimated Xay

beam of 401 aperture and 2mm thickness. The accelerator voltage of the X-ray beam is set to

360 keV with a current of 4 mA- Therefore the energy of the eitted photons is high enough to

penetrate the colum fed with the ceramic spheres. A filter of 2 mm aluminum and 3 mm copper is

attached in front of the X-ray tube to prevent beam hardening effects. Since a substances attenuate

low energy X-ray more strongly than high-energy ones, pmarily because of photoelectric

absorption, a polychromaic beam penetrating an absorbing medium becomes proportionally richer in

high energy photons, and hence more penetrating or 'harder' (see Brooks and di Chiro 13] as a

reference). The used detectors consist of pstic szintilators attached to photo multipliers.

15 detectors wre used, spaced to each other. Therefor 12 rotations steps are necessary to obtain

a full set of projections.

The spatial resolution inherent in a CT iage depends on two major components, the mechanics of

the data-taking and reconstruction of the knage as described by Yester and Barnes 14] as wel as

Glover and Eisner [15]. The reconstruction involves the application of a filter function to a series of

object profiles, and an algorithm is used to obtain an image from these profiles. The final image will

consists of a matrix of pixels which is the result of the mathematical reconstruction procedure. To

decrease the pixel size of the matrix will improve the resolution of the image up to a point. That is

the limitation given by the accuracy of the mechanical system and the focal spot of the X-ray beam

and aperture of the detectors. The spatial resolution BW eam width) can approximately be

calculated by:

Id 2+ [a(�M- 1) L
BW M M (3)
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It is a function of the detector aperture i4 the focal spot of the X-ray beam a, the distance between

the source and detector L, ind the distance between the source and the iaging point q. The focal

spot of the X-ray source is a 07 nun and the aperture of the detectors d'- 0.5 nun. Tis results in a

resolution of 0.4 mm.

The. diameter of the column maged is 200 mm. The wall of the column is made of acrylic glass with

a tickness of un. The height of the column is 250 nun. As a packing spheres of 10 nun diameter

in a random arrangement and a structured Mellapak 250Y form Sulzer are used. The spheres are

made of a ceramic material and the structured packing of folded metal with a thickness of 0 I mm.

For the investigations water is introduced at the top of the column and flows through the respective

pacldng. The liquid distributor consists of a perforated plate with 177 holes of I nun diameter. The

flow-rates are set so that a stationary flow field is obtained. Tis can be set for flow-rates of the

liquid phase of up to 30 W/m2h. Of the flow inside the packing two-dimensional scans are

conducted. The measurement time for one scan is 15 minutes. In order to identify the liquid phase

inside the packing, both a dry and a wetted scan are done. The results of both scans are digitally

compared to yield the resulting liquid distribution on the elements of the packing. By joining several

adjacent two-dimensional scans together a three-dimensional data-set of the measured object is

obtained, as depicted in Figgre 4 for the structured packing.

4 EXPERMENTAL RESULTS

In Figure the resulting iages of the random packing are displayed. Ile Figures 5a. and 5b are the

results from the reconstruction of the integral measurement values. Those computed linear

attenuation coefficients are represented in 256 gray scales. Black corresponds to a small absorption

of X-ray (air) and white for a strong one metal, ceramic).

In Figure5a the random packingwith tricide flow is shown. In Figure 5b the dry random packing is

given. In the figure with tricide flow the water is to be recognized in some places already in ts

representation by comparing it to the figure with the dry packing. To compute Figgre 5e the gray

scales of Figure 5a have been subtracted from the gray scales in Figure 5b. The resulting image is

Figure 5c which shows the water in the packing oy. The distribution of the water in the random

packing is clearly visible. To compare the flow of the water with the distribution of the ceramic

spheres, the gray scales of Figures 5c and 5d, which represent the packing only, are added to each
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other, resulting in the iage given in Figure In this representation it is evident, that the water is

distributed very irregularly. There are regions with high liquid holdup and some regions with no

water at a. This is due to the randomness of the distribution of the spheres. It is possible that aove

the depicted plane spheres hinder flowing the water downward through the packing. As a result no

water will be observed at the pla below. On the other hand the fluid could be obstructed draining

by spheres placed below the depicted plane. This results in a igh local liquid holdup.

In Figure 6 the local void firiction of the dry random packing is plotted as a function of the relative

distance to the wall in dependence of the ratio of the spheres diameter to the diameter of the column.

The values of the void fraction calculated out of the measurement values are in good agreement with

data given by Brauer 16]. He measured the void fiaction by dividing the packed colurrin filled with

spheres of cork and wax into slabs and after this into concentric rings. Analysis for void fraction -was

made by accurately measuring the volume of the slab before and after removal of the annular ring

melting the material removed, and calculating the void volume from the ght of wax and its

density. At the wall the local void fimcdon is one, because the spheres have only ifinitesimal small

point-contact to the wall. With increasing distance from the wall the local void fraction is more

homogenous. The average void flaction of the random packing alculated from the measurements is

E-- 034. The void fraction given by the manufacture is 036, what means a deviation of 56 % In

Mizure 7 the measurement remits for the structured packing is shown, where the dry packing is

depicted in Figure 7 and the wet packing is depicted in Figure 7b. The waved structure of the

packing surface and the holes in the packing are clearly visible. The random aangement of the

individual metal sheets can be seen. Figgre 7c has been calculated in the way described above for the

random packing. The liquid film is found a over the elements of the packing, even though the

thickness of the liquid layer varies with position of the metal elements. The liquid film on the surfaces

with an upward facing normal are about 3 to 4 times thicker than the liquid film on the

corresponding reverse surfiices. The liquid film apparently drains from the overhead packing

elements to accumulate on the upward facing elements. Where the metal sheets of the packing get

close to each other, the water accumulates. This effect can be explained with the surface tension of

the liquid phase.

To investigate the axial distribution of the liquid holdup, in Figgre 8 the liquid holdup of the random

packing averaged over an area of CM2 is depicted in two planes. The liquid holdup EL is calculated

from the volume of the liquid phase V, the volume of the column Vc and the void fraction by
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EL VL (4)
VCE

The resulting distribution for the random spherical packing is correspondingly random. In addition,

the pattern of the distribution changes significantly after 2 nun of axial displacement, which is the

spatial distance between Figure 8a and b. Therefore, a measurement of the local distribution of the

liquid phase is highly dependent on the position inside the column due to the aial inhomogenity of

the random packing. In contrast, in the structured packing the liquid distribution is much more

homogeneous even in the axial direction. This can be observed by comparing FMKL9a andb which

are also 2 nun apart. Here, the liquid distribution changes only slightly with the aal oordinate,

which is in correspondence to the aal structure of the packing. The few zones with a significant

higher liquid holdup are located, where two metal sheets of the packing get close to each other and

where therefore the water acumulates. The measured and calculated liquid holdups are in good

agreement with data given by Suess 17]. He measured the liquid holdup for different structured

packings with a gamma ray absorption technique using the water/air system. With the following

empirical equation he calculated the liquid holdup within I % accuracy below the loading oint:

EL = cat OAT OL /11Z�.)0,25 (5)

where is the dynamic liquid viscosity, iL.,, the dynamic viscosity of water at 20'C (P), I the

liquid load (nl/rn2h), and a, the surface area of the structured packing (for MeUapak Y250

250 m2/n-?) and

c=0.0169 for 1<40m%2h,

c=0.0075 for 1>40e/m%

x=0.37 for 1<40m?/m2h,

x=0.59 for 1>40e/m2h.

The loading point characterizes the condition where liquid holdup increases sharply due to the

interaction between gas and liquid phase. The ratio of the dynamic viscosity can be set to one, using

water of about 20'C. For the test conditions of a liquid flow rate of 17 m/M2h a quid holdup of

EL = 47 % is calculated. The measured average liquid-holdup in aU planes is about EL = %.

131



5 CONCLUSIONS

The experimental results presented in this paper show, that X-ray tomography is applicable for the

measurement of the phase distributions of stationary multiphase flows. Due to the high spatial

resolutions, even small liquid films on structured packings can be measured. The only disadvantage

of the measurement system is the long measurement time, which is reduced when using an X-ray

tomograph of third or fourth generation. These tomographs reach measurement times of seconds and

less. Regarding the liquid distribution in random packings a very inhomogenous distribution is

observed. The hanges are drastically in axial direction. This result has to be confirmed be fiu-ther

investigations with other mass-flow-rates. In structured packings the distribution of the liquid phase

is more homogenous. The liquid films are thicker on the upward facing side of the metal sheets than

on the downward facing side. Maybe this trialdistribution is reduced, when a gaseous phase is

introduced through the packing in countercurrent flow.
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7 NOMENCLATURE

a focal spot of the X-ray source m
a, specific area of packing el&

d detector aperture m
f property distribution
L source-detector distance m
q distance source iaging point m

Vc volume of the column m,

VL volume of the liquid phase rn'
VP volume of the packing rn'
t time S
x coordinate M

y coordinate m
z coordinate m
(Pm integral measurement value
0 angel 0
FE void fraction of packing E=(Vc-vp)/Vc
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EL liquid holdup % of packing
A linear attenuation coefficient I/M
TIL liquid dnamic viscosity CP
,nLo dynamic viscosity of water at 20'C cP

angel 0
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Figure 4 3-dimensional presentation of the structured packing
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Figure 8: Averaged liquid holdup Figure 9 Averaged liquid holdup
in the random pacldng in the structured pacldng
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