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Tomographic measurement of breakthrough in a packed bed adsorber
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Abstract

The tomographic measurement technique enables the measurement of local water vapour concentrations at the exit of a packed bec
adsorber using near infra-red. This is realized by extending the adsorption column with a hollow glass cylinder that serves as the
measurement cross-section. The glass is transilluminated from three directions with three light-sheets. The light absorption by water vapour
is measured with three InGaAs photodiode arrays and these projections are used for the tomographic reconstruction of the concentration
fields. For low water vapour concentrations<(@E — 4 mol/l) an error below 8% is reported. Concentration field measurements during
adsorption show the early breakthrough near the column wall due to channeling effects at a low ratio between tube and particle diameter.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction the measurement probe at different locations. Therefore,
only time-averaged information is available and can lead to

Adsorption is an important operation for purification and Mmisinterpretations, especially for the nonstationary flow in
bulk separation of gas mixtures, usually conducted in packedthe adsorption columriMiinstermann, 1984, Lingg, 1995
beds. To effectively design the process, detailed analysis of To overcome this intrinsic measurement problem, an op-
the bed dynamics and kinetic data are required. With regardtical tomography technique is developed to provide nonin-
to the packed bed and especially in the case of high loadstrusive, high temporal and spatial resolution concentration
and a considerable heat release, the use of columns withmeasurements over a complete cross-section. However, be-
a relatively low ratio between tube and particle diameter cause of the optical accessibility of the flow, the measure-
may be necessary. Then, channelling effects occur and thement cross-section is limited to the adsorber exit.
consideration of temperature and concentration profiles only ~ Gas concentration measurement techniques are well de-
with respect to the axial coordinate of the bed or to time veloped, based on quantitative spectroscofajsky, 1993
is not sufficient; radial profiles across the tube must also and they are already applied for tomography measurements.
be accounted forTisotsas and Schliinder, 19Winterberg The increased development of cheap laser diodes with spec-
and Tsotsas, 2000 train the near infra-red allows to detect numerous gas species

Local measurement technigques can only measure the con{Werle et al., 1998 Kauranen (1994)eported the measure-
centration at certain locations, and often interference of the ment of a stationary gas flow with a low,@oncentration.
flow field by the measurement sensor cannot be avoided.Using only one beam and the two-tone frequency modula-
To obtain information on a complete cross-section of an ap- tion method the concentration field is measured by travers-
paratus, numerous measurements must be taken by placingng and rotating the measurement cross-sectidimdle

et al. (2001)presented a tomography technique with fi-
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Therefore a temporal resolution of 3000 frames per second G
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is achieved. st
Fast photodiode arrays with high temporal and spatial res- Optical Actess 400 Gasanalyser

olution allow the measurement of complete light-sheets in o g

. Optical Setup for
less than 1 ms. Implementing these detectors enables con- N',’R_Tomogr';phy

centration measurements with a high temporal and spatial S
resolution.
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2. Experimental technique and Cg >

Water

2.1. Experimental set-up

The experimental set-up consists of an evaporator as feed Fig. 1. Experimental set-up.
supply and an adsorption columi® (= 50 mm diameter)
(Fig. 1. The column is divided into three segments, each

200 mm high, which allows to investigate different adsorber 10 T
heights. To force channelling in the adsorption column, a
small ratio of tube to particle diameter is realizddl/{, = 08 water vapour
11.1). The adsorption column is equipped with spherical ad- T=70°C
sorbent particles (type molecular sievdywith a diame- § 06} ¢,=60%
ter of d, = 4.5 mm. To achieve high loads of the adsorbent, 2
water vapour is chosen as feed. Due to these conditions an ¢
uneven water vapour distribution at the adsorber exit occurs. ~
To measure these water vapour concentration fields the to-

. . . A=1396nm
mographic measurement device is attached to the column
exit.
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2.2. Near infrared (NIR) tomography Wavelength 2.

The developed tomography technique is based on the at-  Fig. 2. Absorption spectrum of water vapour (HITRAN 1996).
tenuation of light by water vapour. The transmissibiof
laser light is given by the Lambert Beer’s law:

Mirror ‘.4) : .
L A Phatodiode- f EIQQI-Sheer

T = 4 _ gbic l’ (1) Arrays Pierie b p
analyser .
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wherel; is the monochromatic laser intensity at wavelength
/, measured after propagating a path lengththrough a
medium with an absorbing species with concentratiamd i S
an extinction coefficient; - I, o represents the measured p
intensity at reference conditions with= 0 mol/I. Iy /

A strong absorption line for water vapour has been com- %Eﬁﬂér -'Alf‘z‘f/ ~ Photodiode-
puted by GENSPECT modeQgine and Drummond, 2002 N ; iy
and HITRAN databaseRothman et al., 199§Fig. 2). This
is located in the near infrared region at 1396 nm. Other ma- Fig. 3. Optical set-up for near infrared-tomography.
jor constituents of the gas flow like nitrogen, oxygen, carbon
dioxide and argon show no absorption at this wavelength. To
adjust the absorption line exactly, a temperature-controlled after the collimation optics and most lenses are coated with
distributed feedback laser diode (DFB) is used as a light an anti-reflection layer.
source. The DFB laser provides a very narrow line widthin ~ The measurement cross-section is well-defined by a
the order of 10 MHz and the wavelength can be tuned over hollow glass cylinder (inner diameter 50 mm, thickness
3 to 5nm about the nominal operating wavelength 1396 nm 1.8 mm), connected directly to the adsorption column
by temperature and current. Back-reflections into the laser (Fig. 3). The laser light is divided into three rays of equal
diode result in wavelength instabilities and can destroy the intensity and the cross-section is transilluminated from three
diode. To prevent this, a faraday-isolator is installed directly different directions using three light-sheets. The hollow
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Fig. 4. Wavelength modulation for water vapour absorption line at Fig. 5. Transmission profile for calibration.
1396 nm.
. . . 80 - - -
glass cylinder |tself_operates asa lens and_expands the light- ®  Path length
sheets when entering and leaving. To achieve a parallel ray 70 Polynomial fit
distribution in the hollow glass cylinder, the light-sheets are 60
focused on the cylinder. Then, light is partially absorbed, ~ .
depending on the water vapour concentration along the light & 20 [ e
paths. Behind the cylinder the light-sheets are focused on = 40
detector arrays with 6.4 mm width and 0.5 mm pixel height. & 30
Three 128 pixel InGaAs photodiode arrays measure the ! .
transmission along each light-sheet simultaneously. These 20 ; Tz"’o . ,
three projections contain information about the concentra- 10| 21757107 mol/L Vu20U/min
tion field in the measurement cross-section. To prevent the Cpmseny 1003 1/(mol’cm) M warer=209/h
influence of surrounding water vapour in the air on the to- 6 32 18 6, 80 9 112 128

mography device, the optics and laser are encased in a box
which is purged with dry air.

During the measurements deadjustment of the optics by
vibrations and thermal effects can occur and decrease the
signal quality significantly. To improve the signal quality

Pixel Number n,

Fig. 6. Calculated path length profile.

the wavelengthi; is modulated by the laser current to a on local concentrations of water vapour. To correct the dis-
wavelength 1, with weaker absorption by water vapour tortion, a transmission measurement is recorded, while the
(Fig. 4). Thus, the integrated concentration along a path cross-section is evacuated with a known water vapour con-
lengthl can be expressed by centration Fig. 5).

1 I T The pixel at minimum transmission corresponds to the
/cdl = In [ 41,0 42} , position of maximum path length in the measurement cross-

(€1 —¢€2)  Llizoln

where the intensitieg;; o and I;, o are the measurement

section. The maximum path length in the measurement
values at both wavelengths. The reference intensitigg

cross-section is 50 mm and given by the hollow glass cylin-
der geometry. This completes the necessary information to
andl;5 o, the extinction coefficients;; ande;, and the path
lengthl are determined by calibration measurements.

)

calculate the extinction coefficient by the Lambert Beer’s
law (Eqg. (1)). The path length for each ray, represented by
a detector pixel number is determined using the calculated
extinction coefficient, the measured transmission data and
the known water vapour concentratidrid. 6).

To obtain as much information as possible from the mea-
surement cross-section, the hollow glass cylinder is transillu- 2.4. Tomographic reconstruction
minated up to 3 mm wall distance. This results in a dispropor-
tionate refraction for the fringe of the light-sheet. Therefore  The tomography is used to reconstruct the two-
the measured ray distribution is no longer linearly related to dimensional concentration fields from the measured integral
the ray distribution in the measurement cross-section. Theconcentration along the ray paths. For the reconstruction
exact knowledge of the ray position is essential to conclude the measurement cross-section is divided into triangular

2.3. Calibration method
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Fig. 8. Accuracy of the tomography results.

measurement cross-section are produced and measured. Low
concentrations between 2E-4 and 12E-4 mol/l are realized.
This corresponds to a relative humidity in the range between
16 and 84% at a temperature of Z5. For these conditions
elements. A good reconstruction quality and speed is absorption of laser light only up to 10% occurs at the maxi-
achieved because each element belongs exactly to thre¢gnum path length of 50 mm in the centre of the measurement
rays and no weighting factors are needed. The arrangemen€ross-section. The measurement results for the different con-
of the elements is schematically depicted-ig. 7. stant water vapour concentrations in the measurement cross-
The geometric partitioning into triangular elements re- Section in comparison with the exact concentration supplied
quires equispaced rays in each light-sheet. Therefore, theby the evaporator are shownkig. 8 The error bars indicate
distorted measurement data are equalized assigning the ra@ maximum error of 8% related to the exact concentration.
information to a theoretical triangular grid using the calcu- The standard deviation of the concentration is 3.7E-5mol/l.
lated path length. The reconstruction is done using the it- The results for an injected gas stream with a high water
erative algebraic reconstruction technique (ART), as shown vapour concentration of 7.4E-4 mol/l in a surrounding dry-
by Buchmann and Mewes (1998, 200@tarting from an  gas stream are presentedFiy. 9. The dry-gas is flowing
assumed concentration distribution, the projections for this upwards through the measurement cross-section, while the
distribution are calculated. This theoretical set is then com- injected stream flows in the opposite direction. The injection
pared with the actually measured set. The difference betweerposition is the centre of the measurement cross-section and
the two sets is fed into an optimizer where the assumed con-the inner diameter of injection pipe amounts to 4 mm. Due to
centration distribution is corrected accordingly. This proce- the opposite flow direction, the injected gas stream is mixed
dure is repeated until the standard deviation between theimmediately with the surrounding dry gas and the maximum
measured and the theoretical data set changes less than 10Eaeasured concentration is only 2E-4 mol/l.
7mol/l. Hence, the deviation related to the measured con- The concentration profiles and fields during adsorption
centration is always less than 1%. This error condition is are shown irFigs. 1@ and b. One column segment with a
usually met after 10 optimizations. Due to the small num- height of 200 mm is used and filled with the spherical molec-
ber of projection directions, the reconstruction is very sen- ular sieve particles. Before the measurement the adsorbent
sitive to measurement errors. Especially, high concentrationparticles are purged with a hot gas flow of *@for 3h
and temperature changes in the measurement cross-sectiond then cooled to the measurement temperature ©€60
during the experiment influence the refraction of rays in All pipes and the column wall are temperature controlled to
the light-sheet. These refraction changes as well as detectof0°C to avoid condensation of water vapour. Then the feed
noise cause striations in the reconstructed image. While av-is adjusted to a constant relative humidity of 57% (at@p
eraging of the measured data reduces the noise significantlyand the adsorption column is charged. At the beginning of
measurement errors by refraction changes can only be de-@dsorption the column adsorbs the water vapour completely.
creased by smoothing functions. After 79 s a concentration profile shows a strong increase of
concentration at the column wall while the concentration in
the centre of the column remains constant. This behaviour
3. Results and discussion is the result of high velocities near the column wall due to
channelling Munstermann, 1984; Lingg, 1995The mass
To investigate the accuracy of the tomographic measure-and heat transfer between feed and adsorbent is increased,
ment results, constant water vapour concentrations in thethe adsorbent saturates and the feed breaks through. Five

Fig. 7. Reconstruction grid with triangular elements.
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Fig. 10. Reconstructed concentration fields during adsorption process.
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